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Prefoce 


The level o£ advancement in technological culture primarily 
depends ou the developnienl at euei'l^y sources Cor the needs of man. 
The use of steam and particularly electricity over the last one hund¬ 
red years brought industrial revolution and gave a tremendous 
impetus to the development of society. 

In the last few decades W4)rldwide production of electric energy 
has increased a hundredfold. The elertvio power of generating 
plants has grown to 2 700 min kVV. 1 f the rates of growth of generated 
energy remain the same, in 50 years from now the output of energy 
will reach 0.2% of the total energy 'the earth receives from the sun. 

Electric generators produce almosi all the electric energy 
used, two-thirds of which is fed in oluclric motors to he con¬ 
verted to mechanical energy. Each year industry turns out tens of 
millions of electric raachine.s and Iransformers. In serial production 
now are turbine-driven genoratoi-s 'of .5fi0, 800. and 12 000 MW, 
hydroelectric generntoi-s of 700 MW, and (raiisforoiei's rated at 
1 000 MVA. T<’day, moloj's and geileraloi’S are an essential pail of 
the fabric of living, serving diverse purposes in industry, agri- 
cullut'D, and in the hume. 

Electric machine engineering naturally owes its advances to the 
development of the theory of oloctrdroechanics—a branch of physics 
dealing with tlie processos of elec.tromechanical energy conversion. 
Eloctric machines include any eloclrotnechaiiical energy converters 
(ECs) destined for various purposes. Electromechanical converters 
come ill a great variety of designs and can concentrate energy in 
magnetic, electric, and electromagnetic fields. 

The equations of eleiitrio machines are writte/i proc>eeding from the 
theory of electric circuits, keeping in mind that energy converts 
in the air gup and Iho magnetic field is known. The mathematical 
model for an infinite spectrum of fields and any number of loops on 
the rotor and stator is tile model of a generalized electromechanical 
convertor—an electric marhine with >n and ft windings on the stator 
and rotor. 

The equations for the generalized converter offer the possibility 
of working out a matiiematical model for practically any problem 
encountci-ed in modern electric inaoliine engineering. 

Tho present book deals with a mathematical theory of electric 
machines that uses differential equations as its base. It covers the 
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mathematical models of electric machines having a circular field 
and an infinite spectrum of fields in the air gap. Analysis is given 
of the equations involving nonsinusoidal asymmetric supply volta¬ 
ges and nonlinear parameters and also to multiwinding machines 
ond machines with several degrees of freedom. An attempt is made 
to adapt the achieveinents in the area of magnetic-field converters 
for USB in the analysis of electric-field and electromagnetic-field 
converters. 

The book covers topics devoted to the application of electronic 
computers to the solution of problems in electromechouics. It is 
expected that the reader already familiar with computers, program¬ 
ming, and algorithmic lapguagos. The author's objective is to teach 
the student how to formulate equations for most of the problems in 
the analysis of the energy conversion processes in electric machines 
and reduce them to a convenient form for their solution by computers. 
Much cunsidcrnlion is given to analysis of the obtained solutions. 
Thre.p chapters are ricvot<!d to the synthesis of olcctric machines and 
the computer-aided design system; the latter being the highest 
achievpinenis in eJcctron^echnnics. 

i'rirnary attention is fpe-nsod on differential equations of electro¬ 
mechanical energy conversion, wliich form the most general and 
rigorous niathomalical model for describing both transient and 
steady-state modes of operation. Polynomial models are also given 
due treatment. 

The textbook had its origin in a series of lectures, “Application of 
Computers fur Engtiieeding and Economic Calculations’', and in 
a special course, “The Mathematical Theory of Electric. Machines", 
taught by the author al the Moscow Power Engineering Institute. 
In organizing the book, |t]ie author has also used the results of re¬ 
search conducted at the Electric Machinery Chair and in the Labo¬ 
ratory for thn analysis ot problems in electric drive, electric ma¬ 
chines and apparatus at) the same institute. 

The present book is designed for Students ond postgraduates study¬ 
ing electric machines and also for electromechanical and power 
engineers engaged in the design and .service of electric machinery. 

I, P. Kopylov 




Chapter 1 

Introduction to Electromechanics 


1.1. Hislorical Development 

The date llinl. iiiarka the begiuiiin^ of llie age of electric niOi binea 
is considered to he the year 1821 when M. Faraday ronstnieled 
a motor in whicli a coiidiiclov 2 revolved about a pertnniieiil mag¬ 
net 4 (Fig. 1.1). Mercury 3 and upp^r support I performod the func¬ 
tion of a sliding contact. Faraday'slinotor fed with n dc voltage U 
to provide field excitation was the first magnetic-field eleclromeclia- 
pical energy converter*. 

In 1824 1*. Barlow doscrihed a motor consisting of Isvo copper gear 
wheels fastened on one ahoft and located between the poles of per- 
Dtancnt magnets. Barlow’s wheel was in eonlact wii.h mercury .and 
rotated fast with the passage of current. 

In 1831 M. Faraday discovered the law of electroningnotir induc¬ 
tion—one of Iha most important phenomena of ojectroniechnnics— 
which made possible the development of new types of electric ma¬ 
chines. Tlio essence of the phenomenon disclosed by Faraday consists 
in the following. If a magnetic tlu.v linking a conducting loop is 
modo to vary, electromotive forces appear in the loop and an electric 
current slnrts circulating over the closed loop. 

In 1832 Pixxi suggested an ac generator with n revolving liorsoslioet 
permanent magnet / and •Station.'iry coils 2 wound on steel cores 
(Fig. 1.2). 

In 1834 B. S- Yakobi developed a motor working on the principle 
of allrnrlion and repulsion of permanent magnets and electromagnets 
(Fig. 1,3). Switching on and off the eiectroraagnets provided conti¬ 
nuous circular motion. In 1838 Russian engineers installed forty 
motors combined into units on a boat which could run upstream the 
Neva river with Iwelvo passengers on board. That was the first 
attempt to harness electric motors for practical purposes. 

In 1860 A. Pacinolti and, later, in 1870 Z. Gramme suggwted 
a ring annaluro (Fig. 1.4). Tlie Gramme ring armature consisted 


r Throughout this book we will use, where accessary, the general term 
ningnclic-field energy coBvetlor to denote the class of machines that covers 
foduclion (asynchronous), synchronuus, and dlroct-current types- Also, we will 
assign the respective names eleclric-lield converter and electromagrietic-ficld 
converter lo elccUoslatic converters and converter,-! in which llie working field 
that concentrates energy is an electromagnetic field— Translntor'n note 
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of 0 ring-lype magnetic core 4 (made up from steel wire in early 
machines) carrying an armature winding 2 in the form of a conti¬ 
nuous spiral. In early machines, brushes 3 directly slided over the 
continuous winding and Pffored commutation by dosing the turns. 




Fig. 1.1. Farudoy's motor Fig. 1.2. Pl-ixt’s generator 



The inngnoiic field was produced by magnets 1 or electromagnets. 
While Yakobi's machine had its winding open, in the latter macliine 
the winding was cnnliuuoiis (closed). Tlie Gramme macliine made 
a start for the evniiitinn of commercial electric machines. It had all 
the basic elements of modern electric machinas. 

In 1873 F. Hefiior-.Alleiieck and W. Siomoos replaced the ring 
armature by the armature of the drum type. Since 1878 manufactu¬ 
rers have began to produce drum annatures witli slots, and, since 
1880, armatures from laminations following the suggestion put by 
Thomas A. Edison. 



t,!. Hiiforirtl Development_O 


la 1885 the lluogarian eieclrieal eiigiiieeis proposed a .single- 
phase, sholl-type anil core-type, translormer with a closed magnetic 
circuit. 

Jn 1889 M. 0. Dolivo-Dobrovnjsky developed a Ihree-phsse 
asynchronous motor and » three-phase translormer. From 1890 the 



Fig. I.S. A 1.2 cdId kW, 24-kV' lurbogenernl.'r iit i-.ilwl sMeuil iif .3 000 rpm 


throo-phose system received gaiierMl rcrognition and marked the 
beginning of wide application of allorualing current. 

At the end of the last century, first dUtricl and cily power plants 
came into being, hi 1913 the total power nf elei trie slatiniis in Russia 
amounted to 1 min kW. In 1975 
the total output ofelcclcic energy 
produced in the Soviet Union 
exceeded 1 OitO hillion kW h. 

Electric machines of au effici¬ 
ency of 99% are now built wiih 
the umount of nctive materials 
spent on their constriictirin not 
exceeding 0.5 kg per kW. Fig. 1.5 
illustrates a 1.2 mtu k\V 
turbine generator operating at '’h. An nutomotive geiiwnlor 

the Kostroma power plant. 

Electric machine industry produoes nc and dc niachineK to .serve 
a great variety of functions in all branches of industry. Electric 
machines do jobs in space, under water and under Ihc ground. Spe¬ 
cial machines arc available for work in atomic reactors and spor.o- 
craft. Millions of electric machines find use in household appliaiires, 
automobiles, tractors, and other kinds of ir.inspori. Fig. 1.6 shows 
an automotive generator. The Soviet industry turns out .some dozens 
of automotive generators of this and otlier types every minute. 
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ElccLric machines enjoy wide application in timing devices, 
navigation system.^, and as different iransdncea's. The power of 
electric machines varies from fracUons of a watt to a million kilo¬ 
watts, llie voltage from fractions of a volt to a million volts, the 
roialioiial speed from a fow revolutions o day to 500 000 rpm, and 
the voltage fioqnency from r.ero to lfl‘“^l0’' Ht. 

Despite the great progress made In eleclrotnethnnics, very many 
problems still remain to lie solved. Electromechanical energy lon- 
version occui-fi in fusion neartors ntuj in biological species loo. 
Further advances in the crcaiinu of now types of elcrlrir niacliiiies 
will in the main be determined by the level of developtneni ol Ihe 
theory of electromerhaoic'al energy convoreion. 

Allhuvgh the development of eleotroinorbanics is considored to 
begin will) Faraday's discovery, electric machines e.visted long 
boforo his discovery, Much effort was spent on evolving elcrlric-lield 
energy converlerS, i.e, jelectrostniic (frictional) machines with 
eiertric-fieid energy Storage. In lliSO’Olto von Gnericke descrihett 
the fJist elerlrir machine that repveseniod a rotating ball from 
sulfur, I 

.•\l the hegirming ol llie 18lh leUtuiy Francis Mowk.shre replaced 
the sulfur boll by « hollow glass ball fitted on Ihe shaft. In 1743 
frictional machines with an isolated metal electrode appeared. The 
eloolrode tollectod elsctnr rhargee and so the tiinchiite could conti¬ 
nuously feed power to thy estornal circuit. The subsequent yoaTs of 
the ISlh cculuiy saw further gradual improvements In the design 
and pcrformunce of fricliounl machines. Among Russian scientists. 
M. V. f.uimmosuv, G. V'. Rikhman, A. T. Bolotov, and olhers 
were engaged io the work.on these mHchines. By the end of the 18tb 
ceiuory one more typo if frirtional macliine came into being lO 
which the rotor was mad^ (tom glass disks up to two meters in dia¬ 
meter. The machine could produce sparks over n meter long 

III the 19th century woyk on the improvement of fiictional ma¬ 
chines coniinued and resulted in llie evolution of unique electric-field 
ojiergy converters. Jri IDiiO the Van dc Graaff generator (electrostatic 
arrelernlor) was built wh;ich delivered a power of ti kW at a voltage 
of ti niln V. Such setups are designed to test electrical equipment. 

Wectric-field energy converters which appeared much earlier 
than inagitolic-flelil energy converters did not find wide practical 
applications. The emergence of magnetic-field type ECs in ibo 
19lK century was a new slage in the history of electric machine engi¬ 
neering and hrotighi about a scienufir and technical revolution 
in this field. 

The history of development of the theory of elDciric mncl’iinci.s may 
conditionally be divided into three stages, 'fhe first Stage includes 
the period of creatitin Of early machines and development of the 
classical theory of plerlromcclianical energy conversion. T'ho second 
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stage prabraces the period of olaboi-atioo and inlroduotion of the 
theory of steady-stale processes, coiupJo.v equaiions, equivalent 
circuits, and phasor diagrams. The third stage began in the Into 
1920s with tliB forniiilotion of differential equations and develop¬ 
ment of the theory of transient processes in electric luarhinoa. The 
theory of electric machines was given consideration in the works 
of A. M. Ampore, G. Ohm, J. y. Joule, Heinrich F. E. Lent, Her¬ 
man L. F Holmholti:, M V, Lomonosov and other prominent physi¬ 
cists of the I 81 I 1 and tho 19th century. The worlcs of James C. Maxwell 
who geuerali/,ed the achievements of electrical engineering in his 
Treatise of SlecirtcUy artd Magriett/stn, 1873, hold a particular place. 
Maxwell introduc.ed llie new clfclromagiietic theory and postulated 
equations which caino to form ilte theoretical bnso of electrooioche- 
flios. 

Of much irnportancQ are also the works of N. A. Umov il874) 
and John H Poynting (1834) on ihc transfer arid conversion of 
eiiei'gy. The first theoretical work concoriiing electric msrhinas 
may be considered the work of E. Arnold on the theory nnd 
design of wiorlings of electric maclunes, issued iu 1891 

in the ISOUa M. 0. Dolivo-Dolirovolsky, Oisborl K.app, and other 
scientists set forth the fundnmentHls of the ilioory and dosigu of 
transformers. In 1894 A. Hoyland theoreiically suhslontiated the 
circle diagram of an induction machine, and in 1997 K. A. Krug 
offered an accurate proof of the circle diagram. In the 1920s B For- 
tescue suggested tho method of syritmetiic components. 

Ill the 1030s E. Arnold, R. Richtor. A. Bloitdel, L Dreyfus, 
M. Vidmar, Charles P. Steinmel*. Fx. A. Krug. K. I. Shenfer. 
V. A. Tolvinsky, and M. P. Kostenko coixsidorabiy e.xtondcd and 
advanced tho theory of slendy-stato operation of electric machines. 

R. Rudenberg's work was one of (he first contributions to the 
theory of (ransieui processes. This theory, whose origin date.s from 
the beginning of this century, made a tremendous step Forward in 
the I9.50s and 1970s owing to the twide application of computers). 

The first papers concerned with the luathemaiical ihoory of 
electric machines appeared in the middle of the 19203, in the 19308 
and 1940s. Among Iho authors, mention should be mado of H. Pnrk. 
A. A. Gorev, G. Kron, and G. N. Petrov. The futidsmental works 
of G. Kron greatly contributed to the devolopmonl of the mathe¬ 
matical theory. He suggested the model of and derived equations 
for the goueralisad (primitive) eiectric machine. 

fn the last years th)) mathematical theory of electric machines 
(magnetic-field energy converters) has developed to a noticeable 
extent owing to the efforts of many authors, first of all. H Adkins, 
L. N. r.ruitov, A, G. lo.sifyau, E. Ya. Kajovsky, K Kovach. 

[. Raez. 8 , V. Strakhov, D- White, and H. Wood- 
son. The use of alactroiiic compulArs has enabled researchers to 
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anolyit* sloajy-glalo pi’oct^es as a parliculai- case of trensienls tuld 
approacli the problem of oevelopiiig compuier-aided design sysieine. 

Tlie tlioory of elec-troglatic machines, however, slipped behind 
dcspRe the pooling of efforts of snob prominent scienlisis as A F. Iof¬ 
fe, N’ D. I'apaJeksi, L. !• Mandolshtani, A E. Kaplyonshy, 
A. A. Vorobyev, nnd others, largely because their iuvesTigalions 
lailed lo create the production prototypes of these converters. 

At present one of the Jajporlant tasks of the matfaemotical theory 
of electric otachiiies is toidevelop the general theory of all the three 
classes of energy convertors. 

The chupiem lielow cptisiiler energy converter equations, their 
transformation and Use for most of the basic problems dealt with 
in tbe anolysi.s and '•yntliesis of electric nia> bines; piesL'nlequalions 
and their soltii.ions by compoteis for machines c.vhibliing a circular 
field and an infiiiilc spertrunt of finUls in the air gap; evuminc con¬ 
vertors involving nonsiiiusoidal asymmetric roUages, changes in the 
frequency and ampliludo of supply voltage, machines with nonlinear 
pai'ametcrs. asynimetric machines; etc. The coverage also includes 
converters with a few degrees of freedom, linear machines, eleclric- 
field olec.tromcrhanicnl energy converters, uud other electric ma¬ 
chines- The theory of energy converters is sot forth on the basis of 
differential eqiinlinns wMch describe the dynamic behavior and, 
as a particular case, the! steady-state behavior. The course in the 
mathematical theory of electric machines gives the base for the 
mathematical description of the processes of energy conversion 
raking Into account noiilinear, uonsinusoidal, asymmetric aspects 
and manulacturing factors. Such an analysis is impoESiblo to do 
employing steady-.sl.ote tjqualions, equivalent circuits, and phasor 
diagrams. The eleclromecjhanical energy conversion theory presented 
in this book enables the engineer to use the equations for the gene¬ 
ralized eleclromechantCaj energy convertor as the base from which 
he can set up equations'for solving any problem met wdlh in the 
practice of electric machine engineering. 

1,2. The Laws of Electromechanical Energy 
Conversion 

Although the theory and practice of eleclromeclianical energy 
coiivDirsion have a long history and achieved great successM, the 
basic energy conversion Haws have been staled only quite recenlly 
Lei us formuJate these laws. 

First law. The efficiency of eleciromechaiiica! energy conivriiion 
cannot equal 100%- 

All energy converters can be divided into siotpic and complex 
ones. Ill simple converters, the energy of one furm is converted to 
th« energy of another form- An example is the conversion of electric 
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energy to lieut in on electric heater. In complex coitterlers, which 
constitute the majority of machines, the energy of one form is con¬ 
verted to the energy of two forms (aiuj, rarer, to three or more foims). 
These aro converters of energy from luminous to electrical form, 
chemical to mechanical form, nuclear to eiact.rical form, etc. In 
complex ronvei'tei's there conimoniy occurs an Ati.endsnt cenversioa 
of energy to heal. 

Eleclroraechanical energy converters belong to the group of 
complex converters because the processes of energj' conversion here 
always go with the conversion of eluctric energy P, or mechanicsl 
energy to theimoJ energy ECs exhibit the flows of electro- 
inugnellc, mecluuiicul, and thermal energies (Fig. 1.7). 

The objective pursued in evolving an EC is to reduce the loss— 
thermal energy flows—and thus to decrease the overall d'mension& 




M 
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Fig. 1.7. The energy flow distribuitoD 
in an electric machine 
TUo dlreotion^ of energy flow In Tnoiorinc 
feiKl irenerattn^ operatloji am sLown oy solid 
and dnab linca raapcctivrly 


Fig. 1.8. The electric machine aa s 
twopcct 


and coal of the machine. The efficiency of some converters available 
today reaches 98%, and that of transformers runs as high as 99.8%, 
which is indicative of exceptional technical nchtevcinents. 

Il ls to be borne in mind that high efficiencies are achievable 
111 high-power converters. In low-power ECs the efficiency reaches 
merely a few percent since the major amount of mechanical or electric 
energy evolves as heat. 

_ It is impossible to produce an electric machine in w'hich conver¬ 
sion of energy to heat would be nonexistent; otherwise it must be 
furnished with superconducting windings. As will be shown below, 
electromechanical energy conversion equations have no solutioos 
at 2 Bro resistances. 

We can visualize a lossless machjne (without iron and having 
superconducting windings), but to enable such a machine to convert 
energy, we need to insert a resistance into the current network 
e.xterual to the machine. In this arrangement, it is the electromecha¬ 
nical sysicm beyond the machine thpt develops losses. An electric 
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TDAC'hine can he treated without regard to the external eiectrome'- 
chanicnl system only under definite cunditioiis, when, for axemple, 
the line resistance is equal to r.ero, i.e the machine operates from or 
into the hus of infinite power. 

The processes of electromechanical energy conversion must be 
studied with due regard for all electrical and mechanical loops 

An EC that does not develop losses hecoines a storage or lank of 
eneigy rather than the energy converter. Energy storage devices 
ace electrical enginearing arrangements resembling in design electric 
machines. 

Energy storage devices con he built as both static, devices end 
rotating machines, for example, as a gyru with superconducting 
windings. Tliia is an electric macliine that con rotate permanently 
since there is no loss in it. But an antilorque moment applied lo 
Its shaft will bring the machine to a stop. This machine cannot act 
as au energy converter. 

All eleclromeclianiual converter can he represented as a twoport 
(Fig. 1.8) accepting, for e.vample, stimuli (voltngo V and electrical 
frequency /) nl a pair of jeleciricftl tarminal? (an electrical port,) and 
producing responses (a torque Af on tliesluift and rotational frequen¬ 
cy n) at a pair of mechanical terminals (a mechanical port). The 
twoport reprcsantalioii of so electric machine applies to solving 
problems in electrorpochanlcs where the procosees of energy conver¬ 
sion insido the machine do not have a ilominant significance. 

Second law. All eler.iroimrJianleiU ec/ioerters are reuer.ilble, I.e. they 
can act as rrwCorx and ns gem’PiWrs. 

Tlio reversibility is an important advantage of EGs over other 
energy convertBr?. such as steam turbines, diesel engines, jet engines, 
etc The energy-convei'si.on mode of operation of an elevitic mactiiue 
depends on the moment of resistance llorque or antitorque) on iw 
shaft.. M,. If the electric nnergy is drawn from the power line, lha 
EC operates in the motoring mode. If the flow of mechanical energy 
delivered to the EG shaft transforms to the flow of eloctromagnelic 
energy, the machine operates in the generating mode. 

The active power reverses its direction with a change of ihu opera¬ 
tional function from generation to motoring, but the flow of thermal 
energy does not generally change its direction. Losses in cororaon 
ECs ore irrevecslbln. 

There is a great variety of ECs iiicludlQg electric machines which 
convert heat to electric or mechanical energy. The discussion of 
such ECs is given in Ch. 0. 

To provide linkage between windings (loops) and currents it Is 
necessary lo produce an eleclroniaguelic field. The rotating field in 
electric machines is set up by alternating or direct currents. The 
reactive power may flow in an EC operating in the steady slate 
from either the stator or rotor, or from both simultaneously. 
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One of tile cnrvUnrte's of the first and the second law is tiiat an EC 
aUo reprints on energy concentrator. The oloctroinagneiic energy, 
being dislTitiuteij at infinity utong an electric power line, is stored 
In magnetic-field energy converters ynthin tho air gap between the 
stator and rotor. In transforuiers, the energy ie stored in the magne¬ 
tic core and in tlie space between thd primary nod secondary, where 
leakage fluxes close on themselves, failing to be common to both 
wiiidiags. 

The air gap of a comparatively Btnall volume can ooncentrnte 
huge powers, It is of importance to note that in turbine generators 
of niaximiim powers and iti induction machines of the single series, 
the power density (VV/mm'’) in the air gap is equal to appro.vimately 
0.5. In view of this fact, desiguing of electric machines cun be begun 
with the estimation of the gap volume and tJien proceeded with llio 
calculation of winding? and geometrical parameters of the magnetic 
system. Active and reactive flows (if oniirgy can bo coincident or 
opposite in dnecticn irrespective of vyliolher the EC runs as a gonerft- 
ter or motor. This moons that tlio notivu power may come from the 
stator and the reactive power from 'ilia roteiv and vice versa. 

EGs also operate in the no-load Ctiiidition at which they coiivorl 
electric or mechanical power inloi heat. Syncliroiious machines 
connected in parallel with the line and run at no load are called 
synchronous capacitors. 

During its operation, nn oloclric machine releases thermal energy. 
It is possible to |>indiico an electric mochine furnished with a ther¬ 
mopile in order to absorb heat inside tlhe macbino at the cold junctions 
as a result of th« Peltier effect (thereby preventing It from healing) 
and to evolvo thermal energy at the hot junctloius outside the ma¬ 
chine. Howovor, the available semiconductor couples offer cooling 
at low current densities, so the gutu resulting from ttie improved 
cooling can only ho brought about at the cost of an increase in Iho 
overall dimensions of the macluns and n worsening of its onorgy 
characterislicB. This attests that the thermal energy fluxes as well 
08 the mechanical energy and electric energy fluxes in on EC must 
be regarded as closed energy loops. 

The condition of resonance e.visi|a in electric machines just as 
it does iu most energy converters. EJoclrical and rnechRuicol pheno> 
monn that occur in ECs are resonant. Eloclric mairliines exhibit 
alectromechanicol resonance at which llie rotational speed of the 
field, fi. is related to the mccbaniclil rotational speed of the rotor, 
n, measured in revolutions per second, by the expre&si\>n 

U =■ pn (1.1) 

where p is the number of pole pairs. 

In a two-pole machine, the power line froquency and the synchro¬ 
nous spood of tho rotor are the same. Electric machines are built 

2-01 ITS 
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in such a mannei- that the wave of a magnetizing force in the air 
gap distributes itseif integrally among tfie poles, so the processes 
of energy converefon in two-pole and multipolar machines are essen¬ 
tially idoiitical, U»g only differenco being that in the latter machines 
the synchronous speed of the field and the mechanical speed of the 
rotor are a factor of p lower. 

Third law. Electromechanical energy conversion is due to the fields 
that are stationary leiih respect to ea^ other. 

TI«o rotor and staloi' fields in the sir gap of a machine, which 
aro stationary with respect to each other, produce a resultant field 
and electroaiagnetic torque: 

(t.2) 

where u), is the angular velocity (speed) of the field: and P„i„ is 
the electromagnetic powbr. 

The fields displacing in the air gap -with respect to each other 
produce o flux of thermal energy, thus indirectly affecting the 
dlslnbulion of the fluxes of mechanical and electric onei'gies. 

The windings of electric machinrs must carry polyphase currents 
and show a proper arrangement to produce a rotating field in the 
air gap. A rotating field can be set up by a two-phase current system, 
with the windings displaceu 90° in space from one another and the 
cuireiila shifted in timo by 90“; by a three-phase current system, 
with the windings 120° apart in space and 120° in timo: and. tn 
tho gcnernl case, by .an pi-phaso current system, with the windings 
displaced 360°/m in'space and currents shifted 360°/w in time, Direct 
current can also produce a rotating field, in which case the dc wind¬ 
ing must rotate. Tho winding carrying ailernaiing currents to pro¬ 
duce a rotating field are usually stationary. 

In 0 synchronous machine, the rotating field is largely set up by 
the curmnls In the windings diapoaod on the sinlor. The field rotates 
at a speed at,. The rotor runs at tho same speed, to, = to,, theiefore 
the frequency of the rqtor current is /j = 0, i.e. direct current 
(lows through the rotor winding. 

Ill a dc machine, the field (exoitnlion) winding is on the stator, 
and the excitation field is stationary. Rotating the armature, which 
is the rotor here, produces the rotating armature field, which revol¬ 
ves at the same speed as the rotor but in the opposite direction. 

In induction machines, the frequency of current in the rotor is 

I, = /is (<-3) 

where the slip (speed differential that is o fraction of synchronous 
speed) 


X = (ei, ± 


(l..Ha) 
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TherofoTB, the speed (angular velocity) of the rotor cOr plus the 
speed with which the rotor field travels with respect to the rotor 
structure is always equal In the speed of the field ro,. If the rotor 
turns at a speed higher than id, in the same direction as the field 
excited by stator currents, the rotor field travels In the opposite 
direction to the rotor, so the stator and rotor fields are again sta¬ 
tionary with respect to each other. 

In transformers the windings are stationery, and thus the fre¬ 
quencies in the primary and secondary are the same. It can then 
be assumed that the fields of the primary and the secondary travel at 
(ho same speed. The concept of slatiaTiarity of fields in transformers 
is of little consequence for the analysis of the processes of energy 
iraos formation. 

The third law facilitates the analysis of enejgy conveieion proces¬ 
ses in electric mnehines and forms the basis for the representation 
of energy conversion equations. 

For electric-field and eleciromagiietic-field energy converters the 
field atationarity concept does not have such a great significance us 
it dnofl for magnetic-field energy converters. These converter's are 
most vividly represented as energy cOiirenlrators exhibiting electro¬ 
mechanical resonance. 

Since electromechanics is pact of physics, ell basic physical lows 
are applicable to electric macliJues. To these belong first of all the 
law of energy conservation. Ampere’s law (circuital law). Ohm's 
law. etc. At the root of the equations describing energy conversion 
in electric machines arc Maxwell's equations and Kirchboff’s lews. 

1.3. Application of Field Equations 
fo the Solution of Problems 
in Elecfromeehanics 

Electromechanical energy conversion in magnetic-field typo 
machines occurs in the space where the machine ooncentrates the 
energy of a magnetic field. Knowing the field, we can estimate volt¬ 
ages, currents, mechanical torques, losses, electrical parameters, and 
other quantities of interest nndor the slesdy-stete and transient 
conditions. The calculatinn of the electromagnetic field in any 
energy converter, be it a simple or an intricate type, presents a comp¬ 
licated problem, and its solution involves difflculttes even with 
the use of modem means and most advanced methods avanahJe. 
The electromagnetic fiold analysis is one ol the main aspects that 
always attracts alteiitioii of researchers. The requirements for the 
accuracy of electromagnetic field calculalione become increasingly 
stringent because of the growth of Iho spociflc and total powers of 
energy converters and more severe temperature conditions in which 
they have to operate »t high efficiency and improved reliability. 
!• 
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Over Iho past few decades a large numher of both special and 
universal methods have appeared for the analysis and calculation 
of electromagnetic fields. 

Maxwell’s equations are the base from which one starts with the 
calculation of an electromagnetic field. They are usually given 
in differentia] form. One of the equations establishes the relation 
helweeu the vector of magnetic field strength Ji and the vector of 
current density j 

curl# =7 

Integrating both sides of the equation over the area iS( for, say, the 
simple two-dimensional case of a magnetic field 

j (curl j(7)s<iS (l.'i) 

if a 

and applying Stokes theorem 

^ [curl H)f^dS = ^ Hdl 

we arrive at the well-known circuital law (Ampere's law) 

jH,di^ j^UhdS (1.6) 

whore the area of the surface under consideration is S, inside which 
there flows the current f of density j in the direction of vector h, 
the current being confined withui the closed loop 1. For loops I 
completely encircling the current-carrying cross-section S, the 
right-hand side of Eq. (1.6) represents the total current 

(1.7) 

The magnetic field vector B, also referred to as the magnetic induc¬ 
tion, or the magnetic flux density, is defined in terms of the per¬ 
meability p of a medium and the magnetic field strength ff pro¬ 
duced in the medium: _ 

B (1.8) 

where _ 

div 5=0 (1.9) 

The divergence of the field is thus zero. This means that there is 
DO “current" flowing in and out of a magnetic field (magnetic lines 
never end but close on themselves), i.e. free magnetic charges (mono- 
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poles) do not exist in nature. The tnognetic field components D and 
H can bo found if we solve the field equalinits for various parts of 
0 converter of definite configuration by observing tho boundary 
conditions of rontiiuiity for the normal coaiponoiita of tim IJ field 
veciOT? at llio iniorfaco betwocu iWo medio i and 2 (which differ 
in permeability) 

iffra = /Jim (1.10) 

011(1 fur the tangential cumponeiits pi the fiold strength 

Hu = Hu ( 111 ) 

providing that current sheets ou the boundary surfaces do not exist. 
As shown by e.xperiment, Eqs. (1.7) through (1,11) permit defining 
the magnetic field nnnlytirnlly only for a rather limited range of 
problems with the simplest boundary condilioTU. 

In considering the real pails of electric machines witli rather 
compticBted shapes of magnetic cores and curreul-corryiug elements, 
n number of assumptions hnvo to be made to obtain even an apprnxi' 
mate solution. Simplifying assumptions may apply to surface shapes, 
current distributions, the properties of media, and laws of their 
motion. In cases where tlie field sources lie fairly far away from tho 
field region undor consideration (i.e. 7 “ 0)i '<■ 'a sometime.? advan¬ 
tageous to introduco the uotinii of a magnetic scalar potential (p,„. 
Because of the curl-free character of a scalar field (curl IJ = 0), 
the magnetic field strength H can be expressed as 

fT —grad (p„ (1.12) 

For a scalar field, Laplace's equation holds; 

V*(p„ = = 0 (1.13) 

The field lines here prove discemtinuous. The sources and sinks 
uf ihe field will bathe surfaces having different magnetic potentials. 
The distribution of potentials depends on the dmlribution of cur- 
renls in the windings of a converter and is defined up to a constant 
in any local region. 

Most boundary conditions for a scalar magnetic field in olootric 
inachinus are Dirirhlet conditions. This is commonly found to he 
a favorable factor for the solution of a problem particularly when 
using approximate methods. Tho field calculations aim at defining 
the components uf the magnetic field strength along the three axes 

Hx=—dtfjdx, Hy=~dipjdy, ——dtfjdz (1.14) 

Knowing these components and using (1.8), we can find the B field 
vector components and then magnetic, fluxes and flux linkages. 
The unit of measure of a magnetic potontied is the ampere, therefore 
this quantity corresponds to tho magnetomotive force (mmf) ns 
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regards its meauing. TLe Ruction of tLe flux iu a potenlial field (Pm 
proves to correspond to the magnetJe flux. 

The calculation practice of rotational electromagnetic fields 
widely uses the notion of a magnetic vector potential A defined 
by the relation 

^ = curl 4 (t.tS) 

Solving simultaneously (1 ^1), (1.8), and (1.9), ant) iheo (1-lS) gives 
Poisson's equation 

V «J = —(4.16) 

in which the magnetic vector potential calculated up to a constant 
acquires a dofiiiitc physical meaning. The circulation of the vector 
potential over the loop is found to be equal to the magnetic flux 
through the surface hounded by this loop. What is important is 
that the shape of the surface is of no consequenco aiid thus can be 
arbitrary. In the three-dimensional esse, Eq. (1.16) is written for 
each of the three components given as the projections on to the 
corresponding coordinate axes. It is often permissible to consider 
the field of an electric maebiou as a flat, two-dimensioual, pattern 
with one current component, for example, along the z axis; 

-i dAJdtj* = —p/z (1'17) 

In this case tbe magnetic vector potential takes on the meaning of 
the magnetic flux per unit length in the z direction. The B field 
vectors along the x and y axes are given by 

fl, = dAJdy, = —dAJdx (1.1S) 

The solution to the problem involving tbe determinalinn of the 
megnetic field in electric machines is most commonly sought under 
the boundary conditions of the second kind (Neumann conditions). 
The function of the flux in the vector field A corresponds to the 
magnetomotive force, i.e. the funelion of the potential is propor¬ 
tional to the magnetic flu.x. 

For defining the magnptic field, it is nsual to employ simili¬ 
tude methods and the methods of physical and mathematical modeling. 
Experience attests that the notions of scalar and vector magnetic 
potentials equally well hold in modeling of magnetic fields, although 
tbe realization of boundary conditions when using either of these 
two notions is substantioJly different. 

Where there is a need to solve the problem with consideration for 
induced currents, the notion of the magnetic vector potential is 
the only one acceptable, in which case Poisson’s equation must be 
reptaced by the so-called heat-conduction equation. 
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Most diverse tnothods, apply to solve the obtainnd equations for 
a magnetic, field under the condition^ (1.10) and (1.11) at tho boun¬ 
daries betweoii different media. Hi.sforicnlly the methods of direct 
solution have developed most iuteiisively, which commonly give 
an accurate or approximate analytical rnsult. Among those, we 
should note the method of imagos and the method of separation of 
variables, Conformal transformationa of the regions of interest, hy 
which complex boundary condition^ undergo'substantial changes 
and become appreciably simpler, play a noticeable part in the 
development of (Ite raotheds for the solution to magnetic field 
problems. The aolulion to Laplace'^ oquatioa is worked out for 
relatively simple areas and then applied to the iiiitial region. The 
invariants, i.e. quantities invariable in transformations, ar« magne¬ 
tic potentials, magnetic fluxes, and the moduli of the magnetic flux 
density vectors and field strength vectors. The solution itself in 
the Iransformed piano is found accurately, whenever possible, or 
approximately using an analytical or numorical method. The 
methods of coofortnal transformations mainly apply to irrutationol 
fields. The methods of integral equations are suitable for the solu- 
lion of a number of witational field problems. The last few decades 
have seen an e.xceptionally rapid development of the approximate 
numerical tccfm'ques based on the methods of finite differences and 
finite elements- 

The progress in computer engineering and the creation of fast 
computers wiih a large memory capacity have enabled the effoctive 
introduction of these approximate methods. They permit obtaining 
the .solution of a desired function (potential) in the field rogioii for 
each particular case. A suhstantiul disadvantaga of these nmthods 
is that they do not allow for deriving the general e.xprossion for the 
solution. 80 it becomes necessary to obtain a new solution with any 
change of the parameters affecting the field. However, the poten¬ 
tialities of computer engineering greatly ofisel this inconvonioncs. 

EHectromec.haiiicnl energy conversion i.s the result of interaction 
of electromagnetic forces appearing' in an energy coiiverioc. The 
delerminalion of these forces is the most important stage in desig¬ 
ning a convertor. There are a few approaches to attacking this 
problem. A mechanical interaction of currents, or what issometimoa 
called pondermotivo interaction, obeys .Ampere’s law. For a con¬ 
ductor carrying current I and placed In an oxternal magnetic field D, 
the emf f is given by the vector product: 

I 

= ( 1 . 19 ) 

whore I is the unit vector along the' wire carrying current i. 

Where the magnetic field is known, from the solution of Maxwell's 
equaliotks, it is convenient to e,xpress oinfs in terms of the current 



24 


Ch. I. Introduction fo Elactromachanict 


cfllJod the tensor of tension, the expression for which can be reduced 
to the form 

fn = - Po («//*/2) (1.20) 

wliore //„ is the vector component of the ina^elic field strength // 
In the direction of the unit vector n normel to the surface region 
under study. Upon integrating the tension tensor over the entire 
surface where tho magnetic field is substantially high in magnitude, 
wo can then go to the computation of omfs and electromagnetic 
torques. 

It is sometimes expedient to determine electromagnetic forces 
and torques from the expression of mutual specific energy dWIdV 
referred to unit volume, which is equal to the scalar product of the 
current density and the' vector potential of an e.xlernal magnetic 

field: _ 

dWIdV —'BH (1.21) 

The next Maxwell's equation, which is of much imporlanre, relates 
the vector of electric field strength Ji to the magnetic flux density: 

I curl £ =■ —dBldt |l-22) 

In its integrol form, the expression allows us to pass to the e.vpres- 
sion for the emf E of a'loop (disregarding the gradieiu of a scalar 
eloclric potential); ‘ 

£*= ^ (1.23) 

_ _ I 

The vectors of ^ and//give us ample information on the mog. 
notic field and hence on all integral quantities such as currents, 
cmfs, voltages, forces, iind torques. 

Tho cla.ssical theory Of electric machines relies on the equations 
of circuit theory which defines the paramolers in integral notation. 

The most important par.vmeler of an energy converter is ils induc¬ 
tance L defined as the) ratio of tho instantaneous values of flux 
linkage V produced by the current i to this current; 

E = 'i'n (1.24) 

If the flux due to current in n winding or coiiducior links only 
thi.s winding, we can talk about self-indurtaiice; where the flux 
links one winding due to current in the other, w'e can talk about 
mutual inductance. To define the flux linkagn for the field dcscrihable 
by Laplace's equation, it ia necessary to apply Eqs. (1.14) end (I.IS) 
in order to go to the expression for the magnetic finx density and 
then integrate the magnetic fluxes for a conductor over its entire 
cross'scclion S. The flux linkage, when expressed in terms of the 
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maenclic vector potential, is defined witJi refpcct to A„ token as 
the referonce for counting off the running values of vector potential 
AI existing in the cross-section Si 

'¥= ^(A,-A^)dS,/S (1,25)> 

s 

The problem of determining the hux linkage practically reduces 
to simplo arithmetic operations if the conductor is broken down 
Into a finite number of elementary ureas each of which has a dcfiuitw 
value of AI found from the calculation of the field. 

For the case when the flux for all poiiils in the cross-section of Iho- 
cojiductor of a winding (with a certain number of turns) is constant,, 
the flux linkage can be expressed as 

Z, = T/i = u)a>/i (f.26> 

Introduce the notion of permeance A 

A = <D/F (1.27>. 

wJiere F is the magnetomotive force (mmf) of a conductor (winding). 
The inductance now becoines indep;endent of Uio current and flux 
and is only a function of pormcanbo: 

L — (<!>/’A)/l = (u)itoA)/f = a)*A (1.28^ 

In a particular case when air gaps are taken into consideration 
L ■= <o‘A = aj*|ioX (1.29) 

where >, = ^V/po ie the coefficient of permeance for litixos produced 
by the mmf. Tho resultant relation (1.29) masks somcwbal the 
nature- of origin of inductance and uiakes this parameter apparently 
dependent only on the geometrical dimensions and types of mnlo- 
rioJ. However, we should recall the initial relation (1.24) from which 
It unambiguously follows that suck a parameter as inductance is 
not St all intrinsic in any conductor or wiOding but is indicative 
of the cundilions of existence of a magnetic field in an energy con¬ 
verter. Inductances do not remain constant but vary quite appre¬ 
ciably when (a) fluxes change slowly, (b) short-circuited contours 
lie on the paths of magnetic flu.ves Varying in time and amplitude, 
(c) hysteresis makes itself felt, and (d) the portions of converter 
niagnolic circuits display nonlinctar characteristics of mognetisa- 
tioit. Ill the llieory of cloctric machines, for example, this fact is 
taken into consideration in a nuinbor of ways, but a sufficiently 
consistent approach does not exist. The reason is that the task of 
quantilalively considering all the influences is extremely complex. 

It is easy to calculate iko omf (a) I — Mnsfanl) in terms of Iho- 
self- and mutual inductances proteeding from the changes in thm 
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intrinsic energy el the Held in motion 

f —dWIdx = — im) [dUdx) ( 1 . 30 ) 

This formulti shows that a change in inductance is the reguisito 
'Condition for llio elecironiiechanical conversion of energy. 

Despite a relatively siniple form of Hold cquolions (Laplace's and 
Poisson's equations) and a simple character of boundary conditions, 
•the solution for the field of an onergy converter having various 
(boundaries, a largo number of spatially arranged coils, let alone the 
nonlinearity phenomena and hysteresis that must be taken into 
.account, has been found only in the last yours by use of the nu/neri- 
■cal methods proceeding from yet rather nuraorous assumptions. 
With the use of analytical and semigraphicai methods of calcula¬ 
tion the number of assumptions grows still more. In particular, we 
-can enumerate the following assumptions. 

1. The main field which determines energy conversion in electric 
ituachine.s and gives rise tu the main self- (tnd mutual indacteiicos 
-of windings is plane-pdralfel. 

2. Various leakage Inductive reaclanoo.'? are independent of each 
other and of the main ffetd. It is common to isolate permeances 
-corresponding to slot, and, and differential leakage fluxes of ac 
windings. 

3. The surfaces of slatOr and rotor cores of electric machines ate 
smooth; the actual saliency is given due consideration by introduc¬ 
ing air-gap coefficients. 

4 The permeability of ferromagnetic section is taken iniinite 
ail the preliminary calculation stage. 

5. The use of the superposition principle Is permissible. 

6 . The processes of eneifgy conversion ore dependent on the funda- 
•rnental harmonics of currents and magnetic fluxes. 

7. The effect of eddy ;curronts Induced in magnetic circuits is 
.negligible. We have cited but a few instances of all of the possible 
constraints. 

in the list of appro.«imato methods, the numerical methods used 
for the solution of field equations occupy distinct positions and have 
great significanra. The finite difference method (FDM) is partiou- 
iariy popular- This metiiod was in e.vtensive nse well before the 
Introduction of digital computers to the calculation practice. The 
development of bigh-spe^d large-capacity memijry computers with 
-extensive generalized program librarias and the introduction of 
efficient algorithmic languages has made popular the methods of 
calculation of electromagnetic fields on the basis of finite difference 
approximation!) of continuity equations of the most diverse forms. 

The main idea underlying the application oi Iho FDM In electro- 
unagnetic calculations comes to the replacement of the continuous 
•distribution of a scalar or vector magnetic potential by a dUcrele 
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disU'ibut.ioii of l!ie 9R(ne fuiiuiion in a limited niimljer of points 
within the region being siiidied. The points at which the values of 
the funcf.fon hove to hu found are ,dtsf''ibutod over thn region of 
interest; in other words, a roordinfttp grid is drawn on the region. 
In the FDM, this grid shotvs a regular patloru. In most oxtensivo 
use ore the rectangular (or quad¬ 
ratic, in a porticiilar rase) sysicni 
and the polar system of coordi¬ 
nates. 

Figure 1.9 .shows liow the rec¬ 
tangular grid (network) divides a 
salient-pole synchronous machine 
region one pole pitch in length 
into 0 few meshes. The coordinate 
aystom and the form of meshes 
ol the grid are so chosen as to 
approximate most accurately the 
boundaries of the region and to I'ig- l-S- Superimposing the sipiare- 
introduce the minimum possible mpsh grid on iha urea under analysis 
errors into the configurations of 

neighboring regions. The grid piotting at this stage is often done by 
the trial and error melhod, end depends on the experience and skill 
of the investigator; tire procedure lends itself to automatioii only 
for local zones. 

In accordance with the FDM, tho field equnllons written os par¬ 
tial derivatives are rearranged to the finite difference form using 
the o.vpre8sions tor a Taylor series. In the case of a quadratic grid 
with a pilch h, the Laplncian assumes a simple form 

t 

2 (^,-/lo) ... (1.31) 

I—I 

for a point representing a value of the function A a and surrounded 
by points Ai =-4, (see Fig. l.t')- The error of digitization hero 
depends on the fourth-order derivatives in the sou^t-for function 
nnd p.nn be reduced by decreasing the grid pitch /». The solution to 
Laplace’s equation in the finite-difference form amounts to perform¬ 
ing elementary arithmetic operations. Tho number of Lho nodes of 
the solution may in practice be very high and usually ranges into 
a few thou,sands. Therefore the solution to lho obtained system 
of high-order equations requires the use of ilorative or statistical 
methods. The direct solution to tho system ol equations using, for 
example, Gauss' method proves impossible. With the iterative 
method of calculation, the values of the Function sought are preset 
at the first stages either arbitrarily orion the basis of certain physical 
considerations which subsequently improve Ihe convergence of the 
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solution. By purfoi'iiiiiig the oiultiplo sequenlinl tracing of all 
nodes of the grid and aolving the finite-difference relation, it becomes 
possible to decrease the remainder of tlie field equation to the maxi- 
oium permissible value. Tiie number of ileralions (repetitive 
tracings) can run into ai few tens, hundreds, and eves thousands. 
One cannot always be confident that the solution tends to tbo ideal 
value, thereby ensuring the convergence. The iterative method is 
rather routine, is easy ti> formalize for solving problems on digital 
cofuputbrs, and is safe from calcuiation errors since possible errors 
aril t'ocoverable at subeequeni steps. Tbo effective versions of the 
FDM ore available at present, which give good convergence at 
a high accMiacy of the results. 

A form of grid markud out on tlio region of interest affects the 
occuracy of the solution. This circumstance bos recently stimulated 
the search for the best forms of layout, of regions, it is possible to 
optimise sequentially the grid slrurlure by calculating the deri* 
vatives of liigbor order atj a definite stage of the solution with a view 
to raise tbo mosh density of the grid at the next stage in the region 
of higher values of these derivatives. 

The method of finite elemajits (FEM) developed in llio last years 
displays exceptional flox^lbility In breaking down the space of an 
elcctromognelic field destined for calculation. Worked out first 
for the needs of structural meriianics, this method has turned out to 
be rather convenient for the calculalion of eleclroinagnoUr. fields in 
electric machines which hove boundaries complex in configuration 
and e.xhibit nonlinearitlos and induced curieuis. The region for the 
function sought, is broken down into a finite number of elements 
mostly in the form of triangles with straight or curvilinear sides. 
Tho dimensions of elements may differ substantially depending 
on tho expected intensity of changes of the field. The desired func¬ 
tion inside the elements is assumed to obey a certain law. In a simple 
case, first-power spline fuiiclions are applicable, Thus in the two- 
dimensional cose, the ftinctioii A (x, y) for a triangular element 
with coordinates at the vertices, x, and Pi, t„, and Pm. iCi, and Pm 
can be written as 

A (X, y) = -j- jV.^A„ -)- X„A„ (1.32) 

where , 


Ni -='(I(2A) \ai -t- b,i + CipJ 


1 

1 yi 

1 A — 1/2 1 

^ ym 


1 In Pn 


A similar approach applies to determine the values of JV„, and A'',,. 

Thus each eletnenC is duscribabie by its own polynomial, which 
is so chosen ns to preseryo the continuity of the function along the 
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nlfluient boundaries. The values at grid nodes are found by using the 
variationa] principles, and in this rbspect the FEM is oflen stated 
in the context o( the jRil^ and Oalerkiti methods. With the varia* 
tional formulation, the solution to; the problem involving a two- 
diniDnsionul magnetic field defined by Poisson's equation (1.16) 
is equivalent to the condition uf minimization of a certain energy 
Functional 

a 

F = l|‘ f [ f (l/p) fl dBj d* dy- n dz dy (J,33) 

no 17 

inside the region of integration ff,. The functional displnys such 
Q property that any function which .minimizes it. satisfies both dif¬ 
ferential equations and boundary poudltions. In the case uf uoiilt- 
near depeudonccs tlie process of min|initzalion iiivolvos the solution 
of the System of nonlinear algebraic equations, coinmotily using 
the Nowton-Raphson method which gives good convergoiico. 

The calculation of mugnotio fields •" electric mnchiiios with the 
uid of llie riuite-differonco and finite-element methods enables 
a more accurate evaluation of the cliaracteristire and parameters 
of electric machines However, the ED.Vl and FEM call for retaining 
a number of assumptions the legitimacy of which are not always 
unquestionable. One of these asstiuiptions made in evaluating 
magnelic fields is that the toothed, stator and rotor cores are in 
fixed mutual position The position itself is most often chosen 
arbitnirily without sufficient reason, and the results of field calcu¬ 
lations are taken valid for other possible mutual positions. Wheuevor 
the attempts are made to calculate tpaguelic fields with the toothod 
cores in motion, the c-umpuier-aidiid calculations prove so lime- 
consuming that they become impracticable. It takes an especially 
long time and large memory size to Calculate the air-gap hand noted 
for the most intensive magnetic fiold. On the other hand, the inhomo- 
geiieity of rnedia In this band shows a rather regular character, for 
which reason a large share of repantod calculations can he done 
away with. 

Owing to the efforts of a number of scientists it has become pos¬ 
sible to evolve the calculation method based on the representation 
of the fields of real windings as a sqt of fiolds of the simplest loops 
disposed on core teeth (Fig. 1.10). Every loop encircles one tooth. 
The planes of the cross-section of loop wires coincide with the planes 
of the cross-section of real winding wiras placed in the slots The 
loop may also enclose a few loath, dr extend along the entire gap. 
Alsu, luops may have different sides Incatod in slots of various shapes 
end sizes. 

The essential point of this method called the method of permeances 
is that the loop field must be defined net for real but for specific 
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houridary conditions which can be obtained only artiiicialiy. Eteyonp 
the confines of the loop,.the ponneance of the air gap between the 
rotor and stator is assumed to be infinite. Under sucli boundary con¬ 
ditions the field traversing the gap ejtlends only in one direction 
and gets c.oncentratod in the area that differs insignificantly from 
the area bounded by the loop itself. The loop mmf here corresponds 
to the mmf in the gap. In going away from iho loop in opposite 
direction.^, the loop field decays fast. The loop field under ortifTcial 
houndary conditions exhibits an interesting feature. The magnetic 



flux Ihrougb the gap due to the loop current is tho same as the uni¬ 
polar flu.\ linking the loop when l.he difference of scalar tnagnelic 
potentials between the cores is equal (o the loop current. Also, 
the permeance for iJio lortp flux through iho surface of an unexcited 
core corresponds to the permeance for the loop flux linkage }n uni¬ 
polar magnetisation. Thii is the case for any form of the two-sided 
saiienoy and for any arraPgement of loop conductors in the slots or 
In the grap. This fundamental property of fluxes and flux linkages 
of tooth-induced loops opens the way of ovolving a new method to 
enable the development hi mallieniatical models for describing tlie 
fields in electric machines with due regard for tho two-sided saliency 
of cores- 

This matiiciunlicnl model tliough re.semblinp to a dofinile extent 
the model applied in the FEM contains a special feature. A portion 
of model elements representing iho air gap permeance flu .are not 
permanent and calculated beforehand either with tho aid of rather 
circumstantial networks employed in the FDM and FEM or analy¬ 
tically by use of the methods of conformal transformations. The data 
of this calculation are entered into the computer memory in the 
form’of approximation qurves or tables. The teeth and yokes of 
cores are broken down into a number of elements whose dimensions 
can bo taken approcinbiy larger (without the introdaction of notice¬ 
able errors) than is tho case with the FDM or FEM. The nonlinear 
characteristics of these erement.s are defined starting from the RH- 
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curves for corresponding aialorisls. As is done in the frameworks of 
other methods, here ton the pnrmeability inside an individual ele¬ 
ment is Considered constant. Tlie tndgnetic slate of core eiements is- 
first 3Bl roughly and then specified^ more accurately after solving 
Iho systum of the nonlinear equations by the Ncwtorv-Paphson 
iterative melliod- 

The niathmnatical model based on the permeance method uses 
ft relatively Iftrgt-siae mesh pattei'ii and gives a high accuracy of 
field reproduftioii, especially ifi the gap hand. This opens up pos¬ 
sibilities for the calculation of fields in the iransiont operation of 
electric machine!: with considoraiioit for the effects of salienoy, 
iliscreicness nf the winding structure, saturation, and tiiduceij 
currents. The- equeliuns for ail loops in the pci meanco inethod ropre- 
seritotion do not necessitate additional roordinote ironsformatifins. 

-ilthOugh the progress in the development of electric machine 
Diodals on Iho basis of field equation® is appreciable, the most mate¬ 
rial advancements are made by iiso of ilie equations written in Ihe- 
notation adopted in oloclric circuit tilionry. Therefore in the further 
presentation of the loxt we will basically employ the equations nf 
the generalized eIccIromBchaniC'Hl energy converter. 


1.4. The Primitive Poiir>W(nding Machine 

All electric machines are identical in the seiise that they convert 
energy from electrical to niechanic.fl form or from meohaiiical to 
clectficol form. But electric machiTie.s even of the same series differ 
from one anntlior in performanre. 

Tlio hasic. types of electric machines can be reduced to a genera¬ 
lized, or primitive, model represoutinfe a set of two pairs of windings 
moving with respect to each other. In Fig. 1.11 is shown the idosli- 
red uiodel of a symmetric machino having a smooth ail-gap struc¬ 
ture and sinusoidal windings, with the permeance equal to zero, 
A sinusoidally varying voltage applied to the winding produces- 
a circular field in the air gap With Iho windings being symmetric, 
a sinusoidal symmetric voltage sots up a sinusoidal field in the gap. 

The term • primitive machine' stands for an idealized iwo-pole 
iwo'pfiase tymmetrlc (balanred) machine honing one pair o] icindings 
on the rotor and the other patr on the atator as shown in Fig. 1.11. 
Here wh, are the stator windings along the a and P a.\ea! Wa, 
w'i are the rotor windings along the a and p axes; uj,, o^, u^, 
are volt-ages along the a and (1 axes on the stator and rotor resper- 
tivelyj and m, is the angular speerl of the rotor. 

The analysis of the two-pole machine as a model enables iia to- 
extend the results and describe the processes occurring in a real 
multipolar machine. The two-phase machine has four windings 
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«nd is describable by four voltage equations (a minimum number 
of equations in comparison with those used tor describing single- 
phase, three-phase, and m-phase machines). Consider an idealized 
'uniform-air-gap machine whose windings aro taken to be in the 
form of current sheets wihere the mmf distribution is sinusoidal. 
'Our idealized machine has no saturation, nor nonlinear resistances, 
and therefore e.thibits a ^sinusoidal field in the air gap when the 
-windings are fed with sinusoidal voltage. 

Tho idealized machine model is the analog of an induction ma- 
ohinewhen tho stator windings wi and accept sinusoidal voltages 



Fig.' l.lt. A prtmtlivo oiacbino 


at fj-equoncy /,, 90° opart in lime. The rotor windings carry currents 
-of frequency f, = fiS, eiliher produced by the voltage applied to the 
xotor or induced by the curi-ents in the stator windings. In an indue-: 
tion machine, tho rotor angular speed is w, u, (o), is the synchro¬ 
nous speed of the field), and the rotor and stator fields are stationary 
with respect to each other since the mechanical rotor speed to, plus/ 
minus the rotor field sp'ood relative to a^r is equal to u,. 

The idealized machine model represents a synchronous machinS 
if ail ac voltage is put across the stator windings and a dc voltaga 
across the rotor windinm, and vice versa. Here u, = ( 0 „ i.o. the 
-stator and rotor fields are stationary with respect to each other. 
If a dc voltage drives current through the stator windings, the rotor 
field travels in the direction opposite to that of the rotor, so the 
stator and rotor fields are stationary relative to the stationary refers 
«nce frame. With dc sjupply to all the windings, it is enough to 
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have one field winding in which the; resultant magnetizing force is 
equal to the geometric sum of the magnetizing forces of each winding. 

In dc machines, tho armature winding carries a multiphase alter* 
Dating current rectified mechanically by means of a commutator — 
a frequency converter (PC). By reducing a polyphase system to a two- 
phase one, we obtain the model of a dc machine (Fig. 1.12). As in 
a synchronous machine, the armature field of the dc machine rotates 



Fig. 1.12. The model of a dc machine and an ac commiUator machine 

in the opposite sense with respect to the armature. When oj, = 
the armature field is stationary relative to the field winding and 
to the stationary reference frame, it should be noted that the slip 
in synchronous machines and dc machines equals zero. A commutator 
can be replaced by a semiconductor frequency converter, reed relay 
converter, etc. The processes of energy conversion In the air gap 
do not change with the replacement of one type of FC by the other. 
However, a conventional commutator holds a fixed tie between the 
frequency and the rotor speed <i>r, while a semiconductor FC may 
afford tha possibility of securing controllable feedback to regulate 
according to w,. As regards its power supply, a semiconductor- 
commutator machine is a dc machine. Historically, this type of dc 

3-01178 
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machine received several namea—reclifier-type inochino* seniicon- 
ductor^commutator machine, conlaclless machine, etc. 

In an ac commutator machine, alternating currents e.xist in the 
stator and rotor windings, and the frequency converter transforms 
the olternatiog current at the bus frequency into that of slip frequency 
(see Fig. 1.12). As in other electric machines, here the stator field 
is stationary relative to the rotor field. These machines can be of the 
single-phaso, three-phase, or multiphase types; the stator and rotor 
windings can be connected in series or parallel, or can have magnetic 
coupling. 

The primitive machine with a rotor speed o), — 0 c"*' represent 
ail electromagnetic converter—a transformer. In this onse it is suf¬ 
ficient to consider separately the pair of windings on the stator and 
rotor along the a a.xis or p axis because with the rotor at siajidstill 
there is no coupling between the windings shifted 90“ apart In space. 
.41thoiigh transformers perform electromagnetic conversion of energy, 
they belong to electric machines because of the generality of equa¬ 
tions and for historical reasons. 

The classification of oloctric machines into individual types is 
largely conventional. Oivc and the same machine can operate as 
o synchronous and as an sUynclironous machine. In electric machines 
there occurs electromechanical and electromagnetic energy conversion 
simultaneously'. 

The processes of electromachajiicnl energy conversion in the pri- 
mltivi) machine are described by voltage equations (1.34) and equa¬ 
tion of motion (1.35) 

r;t + (dldt)La {didt)M 0 0 'It 

{dldt)M ra-\^(dldt) L'u 4«o, .Wo, ( 

— A/tii, -i-ZiaO, (dldt) Li^ [d/dt)M | Ip 

(1.34) 

(Up) J du),/dt ±. = •'^e (1.35) 

Eqs. (1.34) and (1.35) togethor with the equation for an electro¬ 
magnetic torque form tbe.fundamental system uf equations of elect¬ 
romechanical energy coDversion. 

In Eqs. (1.34), mJ', ui. “E. ia. fp. ‘a- ii are the voltages 
and currents in the statoi; and rotor windings on the oc and P axes 
respectively; rj, rp, r^, rj are tlie resistances of stator and rotor 
windings respectively; Ar is mutual inductance; and 14. i^ili f-E 
are tot^ inductances of tihe stator and rotor windings along the a 
and |i axes respectively. 
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Winding inductunces are defined by the known relatione 
L%. = M + i'. 11 = M 4' 

! (136) 

— Af + /J, Z.p = il/ -f 

whei'e la, Ij, 4. Ifi are leakage inductances of tlie stator and rotor 
windings along tbe a and 6 axes respectively. 

The oiutual inductance and leakage inductances wo found by the 
known methods involving the calculations or exporimental analy¬ 
sis, i.e. using equivalent circuits and design formulas. The assump¬ 
tion is that there is a working flux vi^hich links tbe stator and rotor 
windings and also leakage fluxes liriking only one winding. 

Equations (1 .T4) describe a hyppthoticol machine having the 
same number of turns on tho stator apd on the rotor, with Iho wind¬ 
ings being pseudostalionary. To preserve the power invariance in 
an actual machine and in the machine with stationary windings, 
the equations have to contain tiio pmfa of rotation, expressed as 
hJWrfe + -IWurM ‘ho rotor winding along the a axis and as 
— La(i>rla. — MutrSh. for the 6'exia winding. 

Kirrhhoff’s equations (1-34) include voltages, voltage drops 
across resistances, emfs of rotation that exist oSy in rotating win¬ 
dings, and transformer entfs: 


Li iflldt) (4 -1- M (d/dt) 4. M (d/dt) il L5 (d/dt) la 

The transformer emfs for the (l-axls tviridings are written in a siini* 
I&r form. 

In the equation of rnotimi (1.35), p stands for the number of pole 
pairs, and J for the moment of fnerlin. ff Iho analysis is made of an 
rlcciric machiuo together with its drive mochanism, the quantity J 
must represent the rotor moment bf inertia and the normalized 
moment of Jnertia of the mechanism. 

lu the analysis of electric inachine.s, the moment of resistance A/p 
(torque) is usually taken constant. In the analysis of aloctrome- 
clianlcal systems, eon be a function of tOp or liuje^ 

Tho eleetromagTietic. loroue A/„—the torque produced by n con¬ 
verter—is given by the products of currents Howing in the windingst 


M,= (m/2) M (f - fjtg) ( 1 . 37 ) 

where m is the number of phases. 

The electromechanical energy conversion equations suggested fay 
Gabriel Kron in the 1930s comprise the system of five aquations 
(1.34) and (1.35) involving five independent variables (voltages 
and A/,) and five dependent variables (current and angular speed). 
The coefficients ahead of the dependent variables, namely, resis¬ 
tances, inductances, mutual inductances, and tho moment of iner¬ 
tia, are tbe parameters of an energy convertor. 
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In the mathemutical theory, the coefficients at variables may 
vary with the form of equations used, therefore it is of importance 
to have a clear idea of the parameters and mathematical description 
of the processes of energy conversion. The parameters of a machine 
can bo couslant, periodic, and nonlinear. 

The analytical aolutjoij of the equations for electromechauioal 
conversion does not exist because the oquaiions contain product 
terms. The equations are solvable with the aid of computing devices, 
the solutions being approxtmat.e. Tliis approach also permits hand- 
Jing equations with nonlinear coeffictents 

The accuracy ol solution of equations depends on the doss of 
computers used. Computers can solve a simple problem even to 
a higher accuracy than (s necnssacy for the engineering purpose. 
On the other hand, many factors which affect the pracesses of energy 
conversinn in a real machine cannot he taken into account. Even 
the energy conversion equations with constant coefficJcnts are 
nonlinear since the torque equation contains the products of variab¬ 
les. The addition of nonlinear terms only makes the problem more 
difficult. 

Independent and dependant variables In (1.34) and (1.35) may 
vary in value, and then they describe what is railed the current 
drive. 

The system of equations (1 34) consisting of four voltage equa¬ 
tions and the equation of motion (1.36) describes transient and 
steady-state modes of operation. To obtain the steady-stale equa¬ 
tions, we should replace the differential operator d/dt hy ja and 
work with complex equations. In the steady conditions the voltage 
equations enn be dealt with independently of the equation of motion. 
The courses in electric machinery coramenly cover voltage equa¬ 
tions, and the course in electric drive mainly considers the equation 
of motion. 

The electromagnetic torque rtf, is equal to the product of currents 
in all of the four windings. The torque (1.37) Is set up by Uie cur¬ 
rents in the stator and rotor windings disposed on different, axes, 
with the stator current sliifted in pha.se with respect to the rotor 
current. If the rotor and .stator windings of the primitive machine 
carry only active ac components, the torque Mo is zero since the 
coupling between the windings due to reactive currents that produce 
the magnetic field is absent. 

The solutions to the equations of electromechanical energy conver¬ 
sion do not exist if any pf the parameters entering into the equa¬ 
tions is zero or goes te linfinity. If the resistances and inductive 
reactances are at infinity the currents are equal to zero and the 
machine does not develop the torque Mg. At J = oo, the energy 
converter picks up speed Infioitciy long. At / « 0, the machine 
oennot come op to its alaady-state velocity because the rotor res- 
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ponses to all changes in Lbe products of currents continuously. 
If the mutual indtictonce Is zero, the magnetic linkage lietwean the 
windings is nonexistent and A/, = 0 (1-5). If there is no i-esistance 
in the loops through whidi the curiienls complete their paths, the 
device will act as a storage of energy'. The time constants are at 
infinity, the shift between currents is zero, and M, ■=■ 0- 

It is possible to obtain optimum roialions between the parameters 
at which an electric machine may have a maximum efficiency, 
higher cos ip, a minimum mass nr a desirable form of output cba- 
racterlstioa. It should be noted, 
however, that Eqs. (1.34) and 
(1,35) are unsuitable for use in 
oplimieation studies because the 
mluinium values of currents (de¬ 
pendent variables in theso equa¬ 
tions) are not yet indicative of 
an optimum machine. 

Considering voltage equations 
(1.34), we should point out that 
the terms defining tho transfor¬ 
mer etnf include the inductances 
and ciirrent.s under the derivative 
sign. In most electric machines 
currents are varying quantities, 
but the conversion of energy from 
electricai to mechanical form is 
possible if currents are constant 
and inductances undergo varia¬ 
tions in a sinusoidal manner. The 
machines performing energy con¬ 
version ill this manner comprise 
the class of parametric devices, among which inductor machines 
are most popular, in the general case, both inductances and 
currents in electric machines vary sinusoidally. 

Given tho mathematical description of the processes in electric 
machines, let us inquire into the nallure cl energy conversion in the 
machines. The general conclusion that can be drawn from the consi- 
dei-alion of the laws and equations of energy conversion comes 
to the following: electromechanical energy conversion is possible </ any 
of the quantiiUs entering the energy conoerslun equations undergoes 
variations. 

Most of electric machines are said to operate in one mode or 
another if their windings cany ahernating ciirronis. In these ma- 
cliiiias the parameters may vary loo, Energy couversion is possibln at 
constant voltages and currents but at varying parameters. Energy 
conversion cau occur whou inductive reactances and resistances 



B, r, uid £ tie siDgnetic riux dtiulty veo- 
t4>ri oonitucltng gas or liquid veloctt?. end 
tfror IndDced or\ obannel wulla reapnHIvely 
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eatorin^ Ihe equulions undergo vnriallons. With a change iu the 
moment of inertia, a machine stores kinetic energy and gives it up 
to the line. 

Faraday’s machine (sec Fig. i.l) end the magnolohydrodyimmic 
(AiHD) gonerulor (Fig, l.l3) are tlie most complireted case for tlie 
oxphination of olectromeohanicol energy conversion. In Faraday's 
maoliine with a permane^it mugnel, the dc circuit ciiatigca state. 
It has a portion that is slatioiiary and a portion that moves about 
the magoet. The sliding Coulact is obligatory, If tlic loop is made 
uniform wilboiil the sliding coniari, the motor will not run even 
when the ciirrent source is made to rotate together willi the loop. 

In the MHD generator; ths varying parameter is the velocity of 
plasma in Die nozzlo and ouleide it. In Faraday's motor, iTnostlion 
from the rotating part of tlie ciirrent-cariying loop to tlio sinlionary 
part occurs in a Jumplike rnanner within the sliding contact rogion, 
while in the MlfD generator the velocity of the active modium 
changes smoothly. 


1.5. Applicalion of Computers 1o the Solution 
of Problems in Electromechanics 

Since the oquationa olj elecLromochanical energy conversion are 
nonlinear, the uiialytical ^solution p,.xists only under cerlain a.ssiirup- 
lions, when w, = 0 or the speed varies linearly, in which naso 
voltage equations (1.34) are solvable independent of tho equation 
of motion (1.33). Tlie analysis ol transient processes with a varying 
rotational speed is pnssih.lc only wiUi tlie aid of computing devices 
because the equations contain the products of variahles. 

Electronic computers can be classified under three main headings; 
analog computers, digital computers, and hybrid computers. 

An analog computer i-eproscnis all variables by coiilinuously 
varying pliysical quantities (currents and voltages) whose change 
gives the solution to the problem being investigatod. Any dynamic 
charactorietic. is reproduced by a recorder, for example, on the screen 
of a cathode-ray oaeillogroph. In .solving problems oa an analog 
Computer, it is well to slate tho problem first iu an iiicouiplcioly 
definite form and then refine the statement in tho process of the 
analysis of Die problem., A disadvantage nf anolog romputers is 
that lltoy have low accuracy and limited versatility. But the accu¬ 
racy up to a few percent is often quite sufficient for many engineering 
studie.s because the .specified accuracy of initial data is yet lower. 

What makes an analog computer insufficiently universal i.s that 
transition from Die solution of ona problem to that of the other 
requires changing tlm flow diagnim of Ihe machine. Analog compm 
tor* available today handle problems involving the intogralioii of 
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ordiJiiii'y differential squotions, Hlge'braic and transccndcnlal equa¬ 
tions, aii^ parliel tlifrereiiUal oquatioos. They are ronvenieiii. for 
use in the aiulysis of dynamic uperalion of energj'- convertors. 

Digital compulors find use where'll is necessary to .solve mathe' 
uiatical problems to a high accuracy. The input and oiitpnl infnr- 
tnation hern is in llic discrete form', so these machines realise llie 
nnrnerionl molhods for the solution of problems. The r.olciilotion 
accuracy attninable on n digital cortiputer depends on the quantity 
of bits, iho limits being set by the Site of orniipiiter facilities employ¬ 
ed. Modern digital computers can ou'tomaticjilly perform a complalc. 
ooinpntatlon with a .speed 100 000 times as fast as a human being 
does and thus offer Uie greatest possibilfties for carrying out calcu¬ 
lations A.s distinguislied from a|nal«>g coropiiter.v, digital ones 
handle problems -with a definitely stniiKl solution algriritliin, for 
which the Instruction (program) is written and givnn to the machine. 
Digital computers of today are capable of solving a wide range of 
prohlems- In going from the solution of one problatn to lliat of the 
other, it i.s only nccossary to changekho program witJiout modifying 
the computer flow diagram. 

Large iligilol compnlers are costly, sophisticated, and highly 
universel installations mainly set up at computing centers whose 
pcrsoniiol service the machines, pre)iare tUe problems to bo solved 
and progi'am them. i.e. write the problems in a inncliiiie language, 
or code in a suitable form required for tlio automated solution. 

A digital computer operates with discrete quantities—nurnhers 
represented in a dofiiiile nolatioii. Ilhe wain advantages of a digital 
computer are a htgh accuracy of computation, up to 20 ducimul 
digits and over, and inherent versatilily which allows fur the aolu- 
lion of a wide class of problems. A disadvantage of this type of 
computer is that programming, debugging, and decoding of the 
results obtained in discrete form consume a great deal of time. 

The first digital computers were built around eloclroinochanical 
relays and then, later, around vacuum lubes. The on-line memory 
of the mochiucs relied on lube triggers, mercury delay linos, cathode- 
ray tubes, and, later, ferrite corcS. Vacuum tube-based machines 
with a speed in the order of 10-20 thousand operations in a second 
belong to tlio first generntion of cotnpuiors. They appeared In 1946 
and were built up to the early 1960s. 

The seeond'generation digital computers that began to appear 
in 196Qs are the mnehinos based on semiconductor discrete elements 
using magnetic-core memories. The raaciiiues of the second genera¬ 
tion occupy u hundredlh tho spacii of thu first-generation compu- 
ter.s, eon.siime a hundredth the amount of energy, and can perform 
about « million operations per second. 

The third-generation computers use .semiconductor small-scale inte¬ 
grated circuil.3 (on the average 10 gates in • chip), magiielie-core 
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mcriif>ri4>a Ofid, pfti-Ufllly. magaetU-dislc memories. The ooniputinj 
.sysLein til the thfril generation displays llireia characteristic features 
as follows: employs intagratod circmls; has inpul-output channels 
and the developed iiQiwork of peviphorjJ uuils: and is made complete 
with software which forms an integral part oi the coinptfting system. 

The cost of software aysteins prows steadily with each passing 
year. Wliile at the beginning of llic 19008 the cost of programs was 
30% and that of equipment 70%, at present Ihe cost of software 
rcaclius one half the total cost of Imvdwore 

Examples of the tliird-geDeration computers include the 1CM360 
and the Soviel-mado EC machine that closely resembles tho former 
in parameters (EC is tho oblirevintion of Russian words meaning 
the unified system). 

Tho IBM360 sysletn represents a family of the lliird-generalion 
machines developed by tho world's largest Aotericon computer- 
building corporation. 

'I'hu IBM860 displays n nuinber of dislingiiisliing features, of 
which tho most important are the following; the program compati¬ 
bility of various types of computers rntcriug into the family, which 
provides for the applicability of programs in going from one model 
of lliu machine to another; tho possibility of connection of a largo 
number of input-output devJcoa and siamlard integration of input' 
output devices with inpui|-oulpiil uhniinols; tlio capability to opera¬ 
te in reaJ time in control systems; and the possibility of combtning 
small computing-power itnuchiues into a single system. 

The 1BM360 coiupiilor fs a universal system designed for serving 
economic (biisinoss, commerce) and scientific pni-puses and also 
for Solving the problems pf dats transfer and control. The standard 
systom of progr.aou offorsi the basic computation capabilities of Clio 
machine. This command system may include means for proces¬ 
sing dato in decimal notation. The oddilion of floating-point features 
gives a sciontiCic command system, and the addition of security 
facilities to the economic and acienlific command systems provides 
a universal command syslom. A few types of the IBM360 uiacliino 
can be combined with tlic uiJ of central processors to form a com¬ 
puting compic.i. The 1BM360 system uses solid inicgi'oted circuits 
noted for high speed end ^mall siae, which ensures higfi reliability 
of the uomputei-s. 

The machines of the BG type* employ the standard network of 
interconnection of peripboral uiiitA, the so-called input-output 
interface based on the progrom control of tliese units. 

The hardw’are of the EG machine can bo divided into four groups 
(Fig. 1.14). Group I iiicliidos processors together with the register- 
based working storage, arithmetic and logic elenionts, and couUol 
devices. The devices of Groups II and ill link processors to peripheral 
uiiiiB which form Group FV, To group II belong selector end raul- 
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tiplex channels. The selector channel operates in the burst mode 
to provide for a high-speed data input- to ®nd readont from only one 
peripheral unit for a cortoin length ;of time (nearly a second and 
over). The multiplex channel permit^ a simulianoous data transfer 
for a large number of input-output units. The link between the 
unil-s of Groups II and III forms wjiat is called the input-output 
interface of the standard design, which is a detachable 30-wiro- 
connection ensuring the transfer of control signals and data. 



Fig. 1.14. The hardware of an EC computer 
MC —niuUlplex cliaiuieig; SC —selector diaiuiels: CD — eroap drTices; DAf — demodnietonii. 
TS — tape sloraae untie; CCa — cnanncl-to-ciiannel' adapteie; DTAT — d»ta transfer mnltl- 

pleiers 


The device.s of group III intended to link the interface to varioii." 
peripheral units include individual interface devices, group arrange¬ 
ments servicing a few peripheral units, channel-to-channel adapters- 
providing direct connection between the selector channels of proces¬ 
sors, and multiplexers for data transfer over a few channels. 

Peripheral units include magnetic-tape, magnetic-drum, or diode 
storoges; input-output devices for pviich cards and tapes; printers; 
data terminals and consoles; the means (modems) for data tele¬ 
processing and communication with control units. 

The mathematical program package (software) for the EC computer 
includes the programs of three categories: operating systems ensur¬ 
ing the link between the operator and user and distributing the jobs- 
and system re.sources; inaiiitonance programs or test routines (debug¬ 
ging, checking, and diagnostic routines); and the packs of application 
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programs, which are fiinctionallj’ complete sets arranged for tlio 
solution of a definite class of prohlons. 

The EC unitary system represents a faiuily of program-compatible 
computing setups of the following types; BC-IOlO, EC-1020, 
EC-1021, EC-1030, EC-1040. EC-lOciO, EC-lOOO, The working 

storage capacity ranges from 8 in 10‘ kilobytes. 

The baalc foaiiires of the EC computer are its universality, adap¬ 
tability for various applications, and the possibility of a gradual 
buildup of the computing power ovor a wide range. Tlic vorsalility 
is dim to tho Itistruction set involving fixnd-point and floating¬ 
point compiitaiions. logic nnd decimal oporations, operations with 
variable-length words, and also dun lo varinu.s data formats, mnlti- 
programmiog possibilities, and the advntic.eil syslem of .software. 

Thn adaptability for uses sloms from tho changeable structure of 
the EC system (roplaeeahility of memories, channels. peripberaJ 
equipment). A gradual iiicreasn in the computing power can bo 
achieved by several metboils. namely, by incm.ssing the niinobor of 
peripheral units utid the working storage capacity, producing niulli- 
mncliine computing cooiplejica, replacing llio processor by a faster- 
speed t>q)e, etc. The procram compatibility of the EC cornpulor 
coiiie.s from the unified logical structure (staudardization of tho 
iaatructluu set, data representation form, and address system). 

During the la.sl 25 years tho cnnipuler speed, storage capacity, 
and reilabllity have iucraasod many times- The overall dimensions, 
tho energy consumed, and ilhe specific cost of compulei's decreose 
vary fast concurrent with the improvement of their parametors and 
characteristics. 

At llio start of the 1970s, the first fourth-generation conputers 
appeared, which began to use medium-scale ICs (about 100 gales 
on a chip) and large-scale ICis (thousands of gates on a chip). What 
distiuguishes the totU'lh-gfneralion cnmpulers is that they widely 
employ semiconductor storages, enlarged instriirtion sots, tnicro- 
progromming, built-in subroutines, automated program debugging, 
peripheral nuits and ohanrmis of diversed types and Improved quali¬ 
ty, Inierfoocs, .specialired iprocessors. These computers eidilbil 
onbancod reliability and form the basis for the construction of 
inultimachino and niultiprocesaof computing coiuplejtes. 

The emergence of an aiiioroalic nniversHl digital computer that 
porforms arithmetic and logical operations with a high speed opens 
up new qualitative possibilitios for conducting tlio Uieorctical 
investigations in conjunction with check experiments. 

Hybrid computers which comprise digital machines and analog 
devices hold much promiso for tho efficient combination of Ibe ele¬ 
ments of a hybrid installation to enable tho most rational solution 
of problems. 

Tho digital corapulur in a hybrid complex is a control machine 
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which ?iinult.ajiec*iisly gives the source information for the further 
solwliou of problems on analog devices. This complex, when connec¬ 
ted to the system of approprinie traniSducors, can control an experi¬ 
ment and keep tlie link from the radmeni of data analysis to tho 
moment of obtaining tho result. This also offois jicw possibilities 
of llm search for un optimal mode of oporation on the principle of 
self-instructiou of the sj^item. 

.^t present the ways are sought lor llio ninsiriiction of liigh-porfor- 
maiicc computing systems hy using o rnscaded setup eouiposed of 
a large number of identical univorsal digilal cotupulerr prograio- 
organiecd for the renlizatiun of n specified aJgorithni. The develop¬ 
ment of such structures involves the ijclinmnent of the rcquiremenls 
for versatility, perfonnanco, compiiinlioii accuracy, and directly 
daponds on the class of problem.? to ihe solved 

By their slrnctnre. the loiirth-goneration machines are miillipro- 
rossor setups devoted to the common memory block and the com¬ 
mon e.’ilenl of peripheral devicca. Anlaggregate of computiiig facili¬ 
ties forms a center connected to numerous subscribers by cuiiiuiu- 
tiicnlion litios. Such a network offers llio possibility for the cornniuoal 
iiso of computers by an individual or a group of researchers who may 
contact llie cooler b.v lelegraph or lalephone from any region of the 
country, relay (he message for the solution of a problem and receive 
lbs answer on the given date. 

Both analog and digital computors find usn for the solution of 
problems in eleciromechonics. If some ten equations describing tho 
transient processes in electric machines are enough and the para¬ 
meters entering into the equations are constant, it is well to solve 
the problems on an analog computer. Wlioro tho number of oqiintions 
is larger, the parameters are nonlinear and there is a need for solving 
problems for the optiiuiration of .in eiiergy converter, it is neces.sary 
to clioose a digital compiilei'. 

/« tkfi analyulA of oledrlc irKH-hineif. It !s expedient to employ both 
iinalyHciil methods and analog and digital computers. The experience 
in choosing the comhlnntton of methJods of a?talysis determines the 
degree of acciiraci/ and profoundness of the soluiion of the problem. 

In solving n problem in oloctromephanics, Ihe researcher should 
priinanly formulate the oqualions for I he processes under study to 
a sufficient degree of accuracy and ll|cn choose a Computer to form 
H malliemalical model. Ne.\l he should refine the model with the aim 
to estimate the limo it vnirld take to solve the problem find the 
expected accuracy of the solution. The final step involves drawing 
the plan of tbe experiments to be run. 

Despite their great opportiinities, computer facilities can solve 
0 lather limited range of problonis in eloctroniechanios. Taking 
iiilo aocoiint even two or tltree harmonica in the air gap and two or 
three loops on the stator and rotor necessitates solving a few lens of 
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equations. Consequently, tho reseorcher should thoroughly choose 
the mathematical model, keeping in mind the power of computer 
facilities, and estimate the tune required for the solution of the 
problem and the possible solution accuracy. 


Chapter 2 

Electromechanical Energy Conversion 
Involving q Circular Field 

I 

• j 

2.1. The Equations of the Generalized 
Electric Machine 

Consider a two-phase two-pole electric machine (Fig. 2.1). It 
has two orthogonal systems of stator and rotor windings ui, 



Fig. 2.1. The machine model arranged in a nontranaformed coordinate system 

and u>a, respectively, lyiiig on the stator and rotor axes a,, b, 
and Qr, hr. The rectangtilari coordinate frames of the stator and 
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rotor move with respect to each other, and the angle 6 between the 
axes deternaines the relative rotational velocity. With the stator 
being stationary, 

oif = dQldt (2.1) 

The ditferential equations of voltages in natural or phase (non- 
Iranstormed) coordinates have the form 

u'a = ilr’^ + d'¥‘„idt 

ul=:iirl + dVildt 

-ul^i!,r' + dV'/dt 

= ilrl-k-dVlldt 

In Eqs. (2.2), the frequencies of currents in the stator and rotor 
are different, and tho ‘minus’ signs before the rotor voltages denote 
that the active power flows from the stator to the shaft (motoring 
action). 

Tho flu.v linkages of the windings are 

Yb=Z, iiiS ->r M cos 01^ -h M sin 9/J 
VI = LUt + M cos Bii — M sin 0i; 

(2.3) 

-f- M cos Qi’a — M ain 9iS 


Vl^LUl+M cos 9ri + Af sin Oit 

Hero the coefficients ahead of the currents vary with the same 
rate as the currents. 

If we substitute expressions (2.3) into (2.2), the resultant equa¬ 
tions will be too awkward and contain periodic coefficients. To 
slropllfy the solution of equations, it is necessary to have the same 
frequencies in the stator and rotor windings and ensure the inva¬ 
riance of power, i.e. to enable the power coming to the Siiaft, the 
losses, and the energy consumed to be the same as they are in a real 
machine. 

Look into the processes of energy conversion in a machine within 
the air gap (the spacing between the rotor and stator) which con¬ 
centrates the energy of a magnetic field. A rotating field is set up 
in the air gap of a real machine owing to a definite distribution of 
the windings in space and to tho time shift between currents and 
voltages. With the sinusoidally varying voltages impressed on the 
terminals of an ideal machine, a circular field appears in the air 
gap. By tho third law of electromeChanics, there is a rigid link 
between tho frequencies of currents in the stator and rotor, the 
stator and rotor fields being stationary with respect to each other. 
Account must also be taken here of<the mechanical speeds of the 
rotor and stator. For a stationary stator, to, = at, d: ffl/r (where 
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is the speed of the rotor field relative to the rotor). It is convenient 
to represent the circular field, in the air gap by the resultant magne¬ 
tic flux density vector 

S’ ^ fBi. S'- ^ + m (2.4) 

and by the resultant flux linkage vector 

= n -1- /y|, V' ^ n + m (2.5) 

The stator and rotor voltages and currents can be reprKtented as 
unit resultant vectors U', V' and J’, respectively. 

Since the windings in the primitive machine lie 90'^ apart in 
space, the voltages 

f'o = sin •al- = Um cos (ot (2.6) 

iuiprossed across the windings produce the resultant field "B' and 
'K* in the air gap. 

For voltages (2.2) given In terms oi the resultant vectors, tho 
equations assume the form 

V‘ * T’R> dV’idi 


— u' ^ ru’ 4- d'r/di (2.7) 

Here Ji’ = ti = fff, R' ~ ra= rg. 

Examine the processes of energy conversion as viewed from the 
coordinate reference, frame rotating at an arbitrary speed o), (the 



Fig. 2.2. A commutator machine 
with revolving brashes 


together with the brush ring 3 at 
is equal to the number of phases. 


observer’s speed). For this coor¬ 
dinate system the power invari¬ 
ance depeuds on u>e and frequency 
Illustrate a change in fre¬ 
quency with the rotation of the 
coordinate system by an example 
of the commutator machine shown 
in Fig. 2.2. 

In this machine, the stator car¬ 
ries a three-phase winding 2. each 
phase winding .A, B, and C being 
fed with ac. voltage which produ¬ 
ces in the gap a field revolving at 
a synchronous speed m,. The rotor 
2 runs at a speed <o, and the fre¬ 
quency in the rotor winding is 
/» = /i®- I’lt® brushes rigidly con¬ 
nected to the coordinate axes slide 
over tlie rotor winding and rotate 
a speed Wf. Tho number of brushes 
As seen from the figure, the ma- 
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cliirie has Ihreu hrushes, and therefora the system is of the three- 
phase type (a, b, c). 

Since the brushes are counecled to the coordinate axes, the power 
taken from the threo-phose system and frequency /r. depend on th» 
speed <i>e. 

Because cos 0 + / sin 0 = exp (-i-/0), vector equations (2.7) for 
the coordinate axes rotating at an arbitrary speed 

tOc = clQjdt (2.8> 

have the form 

f7* e.\p = [i’T o.yp 1 % + (tjf/df) (V* exp )Q,) (2.0> 

[F exp / (0^ — 0) = R'-J'- exp ) (0^ —*0) -(- {didt) (V-- exp / (0. — By 
Taking the derivatives in (2.0) yields 

U' = R‘1‘ 4- dV'Idt -f (2.10> 

U' = E'lr + d~V'ldl 4- / (w* — (o,) T" 

Tbo obtained voltage equations for the resultant vectors ar& 
defined with respect to the coordinate reference frame rotating at an 
arbitrary speed with the rotor. These aro the simplest and most 
general Kirclihoff's equations for the primitive machine. The equa¬ 
tions expressed in the vnriable-.speed rotating roferonco frame are 
in rare use. Of most iJiterest are the equations written in coordinates 
a. and P when &>c 0 and the equations in tho system of coordi¬ 

nates d and g when Uo ^ co^. The latter system is the rotating ref¬ 
erence frame, which is most popular for the analysis of synebronous- 
macliiues when tOc = to, = a,. The rotor and stator fields appear 
stationary for the ob.server when he views them from the rotor. 
Here the modeling of energy conversion processes involves direct 
cujTcnU. 

For the stationary reference frame (<i)c, = 0). with the reference 
axes a and p being rigidly connected to the stator, Eqs. (2.10) take 
on the form _ _ 

U‘ = RV 4- d^‘/dt (2.11) 

f/r = R'/’- 4- d^'/dt — jwrV' 

Resolving the resultant vectors along the axes « and § gives 
the equations of voltages for the primitive machine in terms of flux 
linkages; 

ui=iiriJ^dV’aldt 

u4 = i'r^ + dW'Jdt 4- 

iSrj4-diFS/*-e),q'; 


( 2 . 12 ) 
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By substituting the flux linkages 


W^ = Liia 

Vi=^raia-^-Mi’a 

%=iL0l0-hMll 


into (2.12) we arrive at the energy conversion equations in the 
coordinate system a, P, expressed in terms of currents. 

In going from the nontransformed coordinate system to the sys¬ 
tem a, p, we should refer to Fig. 2.1 and determine the projections 
of rotor voltages and currants on the stator axis from the relations 


= uJ cos 6 -F Ufc sin 0 
uj = —ui sin 0 — ut cos 0 
«a ■= ia cos 0 -)- ij sin 0 
ip = —ij sin 0 4- Is cos 6 


(2.14) 

(2.15) 


The transformation matrix here is 

cos 8 sin 0 

G — 

— sin0 cosO 

The inverse transformation matrix is 


(2.16) 


c-‘ 


cos 0 

sin 0 


— sin0 
CO3 0 


(2.17) 


As mentioned above, the reference frame with the reference axes d 
and 9 rigidly connected to the rotor structure is very popular. In this 
system, tOo ■= (o,.5)From (2.1()) it follows that 


= /?•/• -f- dV'/dt -f f<o,W 
W = WT + d^/di 


Resolving the resultant vectors along the d and q axes yields 
the equations for the primitive machine in the coordinate system 
d, q-. 

u'i = ihr’i -I- dT5/di - (o,¥; 
n; = i*,rJi+dTj/di + Wr’P5 
«5=i5r5-4-d’F5/dl 
uj = ijrj 4- d’PJ/di 


(2.19) 
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Replaciog the flux linkages by currents, inductances, and mutual 
inductances, we derive the direct- and quadrature-axis equations 
expressed in terms of currents, in the same way as we did in the 
o-p coordinate system: 


(♦; 


rj-|-(tf/d() Li 

(didt) M 


— .Mb>, 


l*e 



(d/dt) 1/ 

r'-h{d'tit) LS 

0 

0 

V 

te 



0 

0 

-i-(<//d/)f,' (d/dt)Af 

A 




3/w, 

LdO), 

(d/dt) M 

^0 “h 


is 


( 2 . 20 ) 

(I//7) ± (iJfi-iSi?) (2.21) 


The energy conversion equations in the system of coordinates u 
and V rotating at an arbitrary speed U)c have the form 


«« 


r(, -r(d!dt) Lu {d/dt) i\f ATUc Ljoj 


i‘u 

u' 


(d. ci() M r'u — {d dt) Li Ll (a)« — w^) .M (Oc — o.) 

y. 

(u 

Ur 


—AJ (u,. — la,} — /.IKoc —w,) ri+{d/dt)Li (d.dt) M 


Mr 


-LX {dldt)Af rl^{dldt)i:i 




( 2 . 22 ) 

(llp)JXd<i>/dl)±Mr==pM (2.23) 


Equations (2.22) and (2.23) are most general. Substituting <ec = 0 
In Eqs. (2.22) and (2.23), we can ohtaiu the a-5 equations (1.34) 
and fi.35). The d-q equations (2.20) and (2.21) follow from (2.22) 
and (2.23) if <Bc = <ar- 

The coordinate reference frames a, d, g; and u, u are In most 
extensive use. They permit applying equations to practically all 
problems dealt with in electromechanics. The right chuice of the 
reference frame simplifies equations, enables deriving equations udtk 
constant coefficients but does not reduce the number of unknowns. 

The system a, ^ proves most suitable for the analysis of induction 
machines. The system d, q applies to the description of energy con¬ 
version processes in synchronous machines. This system is especially 
convenient [or use in the analysis of salient-pole machines, where 
the coordinates extend along the direct and quadrature a-xes d and q 
of the machine. The system (rotating at an arbitrary speed finds 
use for the analysisVif machines where both the rotor and stator are 
rotating members.' 

In some cases use is also made 'of the physical reference frame 
(for which the equations have periodic coefficients), for example, 
when analyzing anjinduction 'motor whoso rotor and stator windings 

t-0U78 
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receive power (rom a lliydstor .frequency converter, Here it is advi¬ 
sable to uso tho system of six voltago equations ralbor than to reduce 
the macliiiie under study to the two-phase type. This approach 
permits applying the actual-wave form voltages of the frequency 
converter to the machine windings. 

The equations expi’essed in ono reference frame or another are 
brought to a suitable form in accordance with the rules of mathe¬ 
matics. One of the important ways of transformation comes to the 
replacement of variables; 

I'oa = 'o + ‘op — <i 

where ond axe the instantaneous cui'rent components at no 
load along the ex and ^ axes. 

Using Eqs. (2.13) for magnetic flux linkages, we determine Cur¬ 
rents: 

^ — MVlVlfL’ —.!/»), if, = (Z-’-M'S — Ari'li),'(L’L^ — AJ^) 

ii = ifl = (/.'M'S — - AP) 

Substituting the above current equiitioiis into the torque equation 
gives the expression for the torque in terms of the flux linkages 

M. = (m/2) fpAJ/(L‘L'--A/'}l('{'B'l'i-VaVi) (2.24) 

Voltago equations (2.12) and torque equation (2.24) give a most 
stable model of energy conversion procesises simulated on an analog 
computer. 

The electroraagnotlc torque can he defined in terms of the .stator 
flux linkages and currents 

M.^lmi2)(nii-n‘‘oc) (2.25) 

That equation (2.25) is valid is easy to confirm if we substitute 
In (2.25) the expressions 

then perform simple transformations, putting Lf, = Lp, and obtain 
the value of torque expressed in terms of currents. 

The torque is also definable in terms of the rotor flux linkages 
and currents 

Jlf,= (m/2) (niB- ’Ppia) (2.26) 

The validity of (2.26) is borne out by substituting in (2.26) the 
expressions 

n - Vail + Afil, VI = Vf,ii -f Alif, 
and equaling LI to L^. 
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The eleclroniagnelic torque cau also be defined in terms of the 
field energy in the air gap or found from the expression for the 
Poynting vector. 

The described approaches to the nioJificalion of equations for 
the primitive machine do not at all make up an exhaustive list. 
We have discussed only Ihe basic ways and many other courses 
are open to make transformations. 

2.2. Steady-State Equations 

The equations for an energy convertor in the steady-state condi- 
tioDE of operation ai-e derived from differential equations by replac¬ 
ing in the electroniechaniral equations the differential operator 
didt hy /<!>. 

The steady-slate equations for the primitive machine in the coor¬ 
dinate system a, p can be obtained from (1.34) In the following form 

U'a 0 0/4 

T /^2 ''"ts y /« ^2 27) 

— ^0 0 0 fx„ r,-hjx, Ifi 

Here, v = (Oyla, is the relative speed; Cj and r, are the resistances 
of stator and rotor windings respectively; Jfi = oi-i is the indnclivo 
reactance of the stator winding; a;, = a>Z,, is the inductive reactance 
of the rotor winding; and = ta'M ia the reactance of mutual 
induction. 

The equation of motion in the steady state (d/dt = 0) is 

M. = pM, (2.28) 

The eleotromagnetic torque equation is given by 

M, = {mp;2) M -f _ /g./i,) (2.29) 

where /4o. /J« and /4o, /ga ore the active current components along 
the ot^and p axes of the stator and rotor respectively; and I an 
and /4„ /g, are the reactive current components along the a and p 
axes of the stator and rotor reapeclively. 

By use of steady-slate equations (2.27), (2.28), and (2.29) for 
the primitive machine we can formulate equations for asynchronous 
and synchronous machines and also for transformers. 

Derive the equations for a two-winding transformer and an indue- 
Hon machine. It should! be kept In rnind that the equations of the 
primitive machine neglect the presence of a few current networks 
in actual machines, asymmetry, saturation, and other factors. 


4* 
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Therefore, the procedure of deriving the steady-stato equations, 
which appeared earlier than the differential equations in the theory 
of electric machines, involves certain difficulties, whatever the type 
of machine these equations have to be set up for. it appears logical 
to conduct all new studies in the theory of electromochnnicel conver* 
ters in such a manner that the steady-state conditions would be 
a partial ca.se of transient conditions and the static equations would 
be a partial ca.se of dynamic equations. 

The steady-state equatioim can be written in any Croordinales, just 
like the differential equations. 

The equations for a single-phase two-winding transformer, derived 
from Eq. (1.34) for the primitive machine on condition that <i>r = 0 
(coupling between the windings along different axes is nonexistent), 
have the form 


1 “l 


r, + (d/dt) £,, (d/dt) M 

1 -Uj 

1 

(d/dt)^I r^ + (d/dt)L^ 


(2,30) 


fn (2.30). the subscripts 1 and 2 identify the primary and the 
secondary respectively, and the ‘minus' sign before n.j means that 
power flows to the primary. Replacing d/dt by jea, from (2.30) we 
obtain the steady-state equations (or the transformer 


[fi ^ /iTi -f- 

—(7, = jcuMTi 

Here 

+ la,) 

{.W + fo,) 


(2.31) 

(2.32) 


Replacing variables If, = /'i + A (2.32) gives 
^1 = ^'■i + U + IH- 7“3/ 

= />, d- /(o.1/ (/, 4- 4) -i-= />. -|-/(0.17/o + /4 (2,33) 

= T ir, — E, 


where £i = —ar, = wfo,, Zi = r, -I- jx^. 

Performing the same transformations For the secondary-winding 
equation given in (2.31), we get 

— (78= 4''s+ MW (/j-l-78)+/fflfa,4=4'‘a—(2-34) 
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Transforming (2.34) yields the equation for the secondary winding 

E^- I'tZi (2.35) 

where = Ei = ^2 = Tj + jx^. 



We have thus arrived at the known system of equations describ¬ 
ing tlie processe.s of electromagnetic energy conversion in a trans¬ 
former: 


^1 .Ej 4" — E^ — ^ 4*^2 — •^0 (2.36) 

Equation.^ (2.36) follow from the equivalent circuit (Fig. 2.3) 
and phasor diagram (Fig. 2.4) of a transformer, which are dealt 
with in the general course in electric machines. 

For induction machines, the steady-stale voltage equations found 
from (1.34) have the form 
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t’i =- R’h + 

i/j = i?V| + + /wilf/^ (2.37) 

— fcal/Iri jiiLtMfit -f- Af f^^r ^1“ 

-Ui = R'il + /oL'/S + JcoAffi - M i’afOr - L'l'a^r 
For induction machines with a short-circuited rotor, = 0 
and Ul ^ 0. Taking into account 

j<s)L' = /(oA/ -t- j<i>L' — jatM + /oi(5 

Xo =• (oM, x‘ = co/J, x^ = uli 

and also the relative speed v ^ cd,./<i>„ the equations (or an indue* 
tion machine assume the form 


(/4= R‘ra +/xV4 +ix,h + ixX 

£/J = R% + jx% -t- jxj‘i + JxJi (2.38) 

0 = — Rff^ jx^fa — Xfjlfiv — (ar** -{- x^ 7pv 

0 = R'f p ixff^ — jXgf^ fXQl p -|- Xijla.'V -|- ^x' Xf) I aV 

Considering that /p — /p = /7j and omitting the inter¬ 
mediate operations, for the stator and rotor windings lying along 
the same axis we get 


U, = /?,/, -I- fx,I, -f IXofo 

0 = —Rrh—jx^ (1 — v) 7r —/z, (1 — \) 4 —/Z„ (1 — v) 7, 

(2.39) 

/, = /, + 4 

VVe introduce the slip 


s = (to, i: Q>r)/to, = 1 rt V (2.40) 

and transform the rotor winding to thestator winding; then Eqs. (2.39) 
will take on the form 


U,=R,I, + jxj, + jxJo 

0 = - R-rfl-jx'J'rS -/x/o* (2.41) 

4 = ^ + 4 

Because £q = —//o*o ®tid Zp = Tq -f- /xo> assume that E, = 
= Er £o- The impedance Zp of the excitation current-carrying 
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branch includes the resislance equivalent to the iron loss. After 
transformations. Eqs. ('2.41) are written as 

0 = i;— jxX - Rrf'r s (2.42) 

fr 

Here R'Js = «; -^ /?; (1 _ s)/s. 

Introducing the stator and rotor impedances 

*> = «. + fx„ z; = f?; + /x; 
yields the equations for an induction machine 
f/, = — £o + ^**1 

0=Eo-i'X-nRrH-s) s (2.43) 

/’o=/.+/; 

The equivalent circuit and the phnsor diagram for the above 
equations appear in Fig. 2.5 and Fig. 2.0 respectively. A circle 


i-»)/ s 


Pig. 2.5. The oquivnlcnt circuit of an induction machine 

diagram e.xists for a transformed equivalent circuit. The complex 
equations (2.4.3), equivalent circuiti and circle diagram are the 
basic elements of the theory of steady-state operation of induction 
machines. 

The steady-stale equations for syuchronuus machines without 
a damper winding result from Eqs. (1.34) for the primitive machine. 
The equations lor a .synchronous machine that do not take into 
account the damper winding are too approximate (they are given 
below following the discussion of multiwinding machines). It should 
be borne in mind that the pbasor diagrams of synchronous machines 
are drawn for fairly simplified equations; these diagrams have 
a qualitative meaning for most synchronous machines. 
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The phasor diagram for a nonsalient-pole machine (Fig. 2.7) 
corresponds to the equation 


E = U ->(- iaTa + jiaX, 


(2.44) 


where /„ is the armature current; U is voltage; E is the open-circuit 
voltage or emf; is the armature resistance; x, = -j- loi is the 



synchronous machine reactance; x, is the leakage inductive reac¬ 
tance of the armature; and x^i is the inductive reactance of the 
armature (opposition to the armature mmf). 

For a salient-pole synchronous machine, the phasor diagram 
(Fig. 2.8) is plotted by use of the equation 


E = U I^ra -f ;7did -f jl<^g 


(2.45) 
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where anfl /, are currents along t-hc direct and quadrature axes 
of the machine respectively; xj and Xq arc the inductive rearlances 
along the d and q axes respectively. 

For dc machines the classical theory uses n yet .simpler equation 

U = Edc Iar,n (2.46) 

where E = f (/(„, is the excitation current; is the 



Fig. 2.8. The phasor diagram ol a saiient-pulc syuchionoos iiiachiue 

direct-axis cuniponent of the armature cross nirof; aud ;■(„ is the 
internal resistance of the machine. 

The equations for .synchronous machines and dc machines can be 
set up by represefitiiig a machine ns n Iwoporl (soo Fig. 1.8) Jiivolvjug 
Ta and X, for a nonsalicnl-pole machine; r,, x,i, and Xq for a salient- 
pole machine; and r,„ for a dc machine. Complicated nonlinear 
couplings aro taken into account by introducing nonlinear depen¬ 
dences of the parameters on currents. 

The solution of most problems in electromechnnics requiro-s exten¬ 
sive studies into steady-stale processes, therefore theory largely 
deals with static conditions. Differential equolions describing the 
processes of elcclromechanical energy conversion enable investi¬ 
gating transient processes and, as a particular case, steady-slate 
processes. Computing facilities offer a fairly fast estimation of 
.steady-state processes by solving differential equntiuns. However, 
in handling optimization problems or investigating complicated 
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connection diag^rams of electric machines, such an approach comes 
out impracticable because it takes n great deal of mnchine time. 

The proper estalilishment of mathematical models of electric 
macliiiies that would enable a ready simulation of both steady-state 
and transient performance on computers is one of the main tasks 
‘to be handled in the mathematical theory, tor one needs first to 
learn how to formulate energy conversion equations before placing 
the problems on a computer, 

2.3. Application of Analog Computers 
to the Analysis of Electric Machines 

Analog computers find wide use for llto unalysis of transients 
in electric machines. In analog simulation, consideration should 
be given lo the features peculiar to a simulation model (analog), 
and the ways should be .sought to combine the convenient notation 
of equations with the favorab;le conditions for the solution of those 
equations on llte analog computer. 

Preliminary lo simulation, Eqs. (1.34) expressed in terms of 
currents need to be transformed to bring them to forms suilalile 
for setting up an analog: 

dia d/ = (I /.') £;-(;l/;f/)(dia rfr) 

,/(ii dr = (l (2.47) 

dil‘dt = (ff (di%,ldt)~>i>, |/^ f {M L') Ijl 

di^/dt^in'iL^) is-{:\ru/) {dil/dt) + til, (i;h -(m r/) i;i 

The block diagram of a (tomputer analog for the solution of 
Eqs. (2.47) is showni in Fig. 2.9. The solution of (2.47) comes to the 
integration of cun-ents. The positive feedback Iciops interconnecting 
summing amplifiers 1. 7, 4, and 10 of Fig. 2.9 cause self-e.xcitalion 
of the model since here the amplifier gnins A'j, kn, kz, and A ‘,3 are 
higlier than unity. 

Tn effect stability, we integrate (2.47), omit the derivatives, and 
obtain the equations convenient for simulation (see Fig, ,\1 in Ap¬ 
pendix I). Tliese equations have a final form (p = didt): 

(I /;)(«ti 4 —flslp)—ajjg 
<o = ( I P][~ UjlJi — to, (iS"i"'*8£p)J — 

'!! = (< p) I — flio'fl + Wr ('S + a,iiS)| — n,jl5 
.4f„ = o,j (tStJ —tglS)- Ptn, 


(2.48) 
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where Aj = a, = ilL‘\ 03 = 05 = R‘IL\ 05 = 0 *= MIL’-, o, = 
= Oio = WILr-, og = og = o,, = 0|, = MIL/; o,, = (/n/ 2 ) pM; 
“u — P'J^' 

For the convenience of designation of quantities on the diagram, 
we reduce the expressions between the brackoU in (2.48) to the form 

— £& + a8t5 = C,, ii + OjjiSi=Cj 

In the model of Fig. A1 the gain factors of the summers (2 and S, 
S and II), showm by dash lines, are close to unity and the model is 



Fig. 2.0. Tlie computer analog for the system of Eqs. (2.47) 


more stable. Negative feedback paths of amplifiers with gains 
ki. /.'a. kai fin make the model more stable in performance. 
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The notBtion of Eqs. (2.12) through (2.24) for flux linkages is 
brought to the form convenient for simulation 

£/’rj at =- <iji 4 — oj'Pi 

d'V'a 'dt = ~ a,Vi -h flgVi -(2 49) 

rlM'S dt=- fliVB + -r Urn 

.w,=n.i(nn-nn) 

rfo>, dt - Mr) 

where ui — Y 2; <tt ~ = R‘L'I(L‘L '— ..V^); mj = = 

= R’M/{L’L' — M*)\ tt, -= tin = R'L'llL‘L^ — M»); a„ = o,o = 
= R'MHUL' — .1/*); a„ = {mpl2) mUL‘L' — .V“); a,. = pU. 

Current equations are 

la — “i7^1*a' f fi ajo'FJ 

whore ai 3 = = L'I(L‘L' — M^Y, a„ = rtio = L‘RL‘L' — A/’); 

On — 'ij„ — 0,3 = Ojo = M/(L‘L' A/*). 

The block diagram for Eqs. (2.49) appears in Appeiidiv 1. The 
setup of Fig. A2 Is stublo, the negative feedback signal exceeds the 
positive feedback signal, and bf goneralioii is absent. 

The notation of the equsllons for currents and flux linkages’ls 
chosen such ns to be conveiiieut for the siinulatiou procedure; 

tlVi dt a,Ua — Ojii, tZ'l'p dt =■ 0,0J — rtjfJ 

dVi dt -torVJ - OjOi- dWfi dt - (Or Vi - Uclfc 

4 - a,Yi- <7,Vi. - a.VS- 

«i; = a«n-a,4n (2-50) 

A/r- a,i(/&Vi-fiVB). clto,.c// = a„(A/,-A/J 

wjiero Ui = a, = b\ pa V 2; a, = 04 Ji‘; «j = Oo ■= R', a^ = 
= ut - L’-fiL’L'^ — A/»); a, = = «,, = a,, = MI(L-‘L' — M^Y, 

0(1 = «ia = MRL'U — M^Y- ais = <»ipi2) (M/L'Y, «,» = pU. 

This model is stable over the wide range of parameters and is 
applicable to the solution of complicated problems (See Fig. A3). 

The choice of a simulation model depends on the gains of cijmputing 
blocks, permissible time oi integration and the stability in opera¬ 
tion. An important stage in preparing a problem for simulation is 
the choico of scales of variables and the calculation of gains of the 
model s computing blocks. In the simulation on an analog computer, 
each physical quantity of a real obiect has its analog as a voltage. 
Scale factoi’S ore chosen to establish the relation between the quan- 
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lillas and voUagas. Tba luaximuin possible values of variables 
should be takeu so as iinl to fall outside the limits of the computer 
working rniige. The voltage is given by 

(2.51} 

where u is the model voltage; j is a depenrlciit varialile; am] /If* 
is the scale of the dependent v«ci«l)lo. The time of transients in the 
model is 

t„ = Xftt, (2.52) 

where .If , is the lime scale: and tr is the lime of transients in n real 
object 

In choosing the scalas, it Is convenient to lake Ihe following 
quantities as decisive factors; the nominal-phase current /„.pi, )'^2; 
nominal-pU^e voliago U^,rh nominal moment ,lf„; = 

= fi. K2/<ij„; o»r = 2iinp^ti0. Hero m„ = 2nf, and m. Is the 
angular velocity in t-adiaus per second. 

Thmi, dfa = luO/f/„.,,f, l/'2is the voltage scale; M, = 100//„ 

X V‘2 k,^ is the current scale; Afji,^ = lOO/.\f„/erM is the electro¬ 
magnetic torque scale; .If.y = i()()/V„krv is the flux linkage scale, 
and jkfup ~ 100/ce, is the velocity scale. The lima scale is chosen 
proceeding from the deceleration or acceleration of the process of 
solution, as defined by (2.52}. In choosing the scales, it is necessary 
to keep within the working range of an analog computer lu =» 
= ilOO V). 

The gain factors of computing blocks are defined as fej = .lfo„ m 
for a summing amplifier; = .Ifou(ni/df,„.'Vf^ for an integrating 

amplifier; kz = dfoo(U(A).OI/Vf,,„/lfj,,, for a summer receiving the 
pi-odiict of variables;/(j = .Ifoa (a|/0.01.afi(„df,|„,V, for an integra¬ 
tor receiving the product of variables. Here is the scale for 

representation of an output variable of an amplifier; ilf,„ is the 
scale for representation of an input variable of an amplifier; and 
«! Is the coefficient in the initial equa,tion, which stands before the 
variable arriving at the .amplifier input. 

The gains of amplifiers in most analog computers must be chosen 
between 0.01 and 10. 

The successful implementation of a simulation model with the 
aid of un analog computer depends on the ratio between the electro¬ 
magnetic and aloclromechanical time constants. If these constants 
differ by a factor of 10® to 10*, the simulation on an analog computer 
becomes difficult (this iS the case for the simulation models nf gyro 
motors, hf machines, etc.). 

If the simulation in real quantitius moots with difficulties, it is 
advisable to convert to relative units.'The right choice of the basic 
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quaulilics enables llic y;ains 6 f the model lo be brought cluse to unity. 
This decreases the dynamic eirors of the model's computing blocks 
and raises the computer capability. 

The convenient basic quantities are i<, = Jn.phY^; W), = 2; 

and &){, = Ufl — 2n/g, and also their derivatives such as tlie base 
power Pf, (m/ 2 l base moment Mt, -=- Pju)t, fhi.\ linkage 
■Vg = “(,/«/.. time 1 (, = 1 /<bi„ impedance ifc = inductance 

Lb ’=^ and moment of inertia Jf, = Wfc/tog. 

The mathematical model of an energy converter, where the dif¬ 
ferential equations for flux linkages are written In quantities expres¬ 
sed ill dimensionless units, has the form 

dVJ.'dT = a,i4 — OjTJt -f- a,Vi, dYiidi = — a,V|ajVfe 

dV^/dx = - a,Vi -1 igV’p- w,V& 
dV« dT= - M'Ko,gVH-WrV5. .V. = a„ (VSVi- ViV^) 
dw, 'dll= a„ (Afe —i 1 '/J 

where a, = o, = 1 ; 00 = 85 = 

O-T ~ (ib ~ jjJ7 ^bi ~ iFlPn/2) X 

X \MHL’V — iU^)l (VllMuY, On = PgAfp/do)?. 

The block diagram for (2.53) to be solved on a computer remains 
the same as before. 

The solution of equations iu relative units enables handling the 
problems which otherwise (when using real units) lead lo unstable 
models. The model of an energy converter simulated on an analog 
computer ^presents a control system containing positive and nega¬ 
tive feedback loops. The degree to which one feedback path or ano¬ 
ther affects the stability depends on the relations between the para¬ 
meters of the machine being modeled. A simulation model is chosen 
proceeding from the type of energy converter, its characteristics 
and transient behavior. In Appendix I are given the equations 
and the block diagrams of the main types of energy converters. 


2.4. Transient Processes in Electric Machines 

Transients in electric macliines arise from changes in the voltages 
and frequencies at machine terminals, the load on the shaft, machine 
parameters, during connection of a macJiine to or its disconnection 
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/loni tba butt, etc. Iti lonl onndii.iniis, IraBsient processes can natural- 
Jy occur during a sfmiiltsiioous varintion of a few factors. The com* 
btiialions of the factors affecting the dynamics cun he manifold, so 
the researcher must have enough expcrioiice and knowledge to choose 
the prevailing set of factops, i.heccby simpiifying the problem. 
There is a great variety of transients which are much more complex 
than steady-.<tatc processes, the laltor bedng a particular case of the 
forinei, By their Iniporlanco iind the inflnence they have on ihe 
operation of m.-tcluncs, the transients can he divided into llie pro¬ 
cesses brought about during starling, braking, reversing, restarting, 
and load variation Those proco.-ses can appear at symmetric and 



asymmetric voltages in symmetric and asymnieliic machines. The 
djmamica of asynehronnus and synchronous machines has its own 
features. A commutator or any otlier frequency converter introduces 
Its own specific foaluros Into the dynamic behavior of the machine. 
The transients in transformers and other electromagnetic energy 
converters differ from the transients in rotating electric machines. 

Transfcols oflon cloUumino the choice of the instalind power of 
equipment, the mass of electric machines and electromagnetic loads 
they have to carry. This is particularly the case for imp.irt-loftd 
heavy-duty drives, reversing quick-acting drives, etc. To analyte 
transient processes, we should formnlalo the mathematical model of 
the transients, convert the equations to the forms convenient for the 
simulation of the processes on a computer and solve these equations. 

At present a large amount of material is available on the Investi¬ 
gation of dynamic processes by means of computers; many problems 
have become classical and form part of the laboratory work assigned 
to students in most colleges. 

Figujvs 2 10 lhrough2.i3iIlust.retetbe start oscillograms for motors 
ranging in power from 4 W to 500 kW. As seen from the oscillograms, 
the sturting procedure pattern differs with the relations between the 
parameters. The yAfl-22 motor comes up to its steady-state velorJty 
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for two or three periods, but the rotor yet oscillates about its steady 
angular velocity for some time. The 500-kW motor gains speed very 
slowly, but it does not overspeed after approaching the steady-state 
velocity. The starting conditions for motors of the 4A series, for 
example, 75-k\V motors, are most typical (Fig. 2.12). 

The process of reversal differs from the process of starting by the 
effect of parameters on the impact torque Impact current 



1 ,^ 0.023 s 


Fig. 2.11. The oscillogram of startlag the 4AA-li3A.4 type 250-W induction motor 



Fig. 2.12. The oscillogram of starling the 4A-250S4 type 75-kVV induction motor 

I in, and the starting (speedup) time t,, (Fig. 2.14). For its reversal, 
aimotor Is cut off and then connected to the line with the reverse 
pliase sequence. The transient here depends on the commutation 
time and on whether or not the field in the air gap has died out. 
Where the switching is instantaneous, the processes of field decay 
and field buildup go on concurrently, so the impact currents and 
torques grow. The schematic of a program unit for reversing is shown 
in Fig. A7 and Fig. A8. 

In restarting a motor, the Inrushes of current and the thrust pro¬ 
duced are the highest. The schematic diagram for restart and the 
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Bystem of equations for this condition are the some as at starting 
with Iho difference that the initial velocity io, is other than zero 
(Figs. 2.15, 2.16). The analysis of roslart processes involving ■jan 



Tip. 2.14- ncversiiift the iuducltun motor 

r»*.= 2 2 kw. L 22tlV, — 1 n-rn. S 1 a* M . » J^ N m. J «= U ni:i kir ui* 




Fig. 2.15. Beslaj-ting lheAA-31/4 mo¬ 
tor at the initial spued of 0.9ii„ with 
the field decayed ' 


Fig. 2.16. Restarting a motor nt the 
Initial speed of 0.2nn with the field 
decayed 


undamped field requires the ,computation of initial conditions for 
magnetic flux linkages. The transients at restarting in the undamped 
field conditions ore most complex. 

From the qualitative analysis of the processes of starting, rever¬ 
sing, and restarting it follow!) that these processes differ from each 
other by the character of variation of currents, torques, and angular 
velocities. The effect of parameters on the course of various tran¬ 
sients is different. The analysis of transients is made by solving 
the system of transient dynamic equations. 
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A diversity oj transients in electric machines stems }rom the combined 
effect of parameters, their nonlinear relationships, effect of elements 
connected to the stator and rotor, feedback paths, asymmetric and non- 
sinusoldal pattern of voltages, running ^conditions, and design versions 
of energy converters. 

In Appendix II ere given the data on motors of the 4A series, 
their parameters, base quantities, coefficients in equations written 
in flux linkage notation, scales of variables, and gain factors of the 
amplifiers in a simulation model. Table 2.1 lists the values of basic 
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quantities (in relative units) describing transients in motors. The 
dynamic processes are of importance in the analysis of a number of 
drives, therefore it is axpedient that the guides to electric machines 
sliould include the characteristics of transients along with steady- 
state characteristics. 

The theory of synchronous machines widely uses the notions ol 
steady-state, subtrausient, and transient conditions and the para¬ 
meters describing these conditions. Transients in induction machines 
were given insufficient treatment. Because of a narrow gap in those 
machines, there has been no need, until cecentiy, to introduce the 
parameters of steady-state and transient conditions. 

The development of the general tbeory of electric machines and 
the theory of transients in induction machines has necessitated the 
introduction of transient parameters for induction machines. Induc¬ 
tive reactances greatly vary until a motor attains its operating 
speed, la Appendix II are given the transient parameters for some 
machines of the 4A series. The analytical evaluation of inductive 
parameters was made for the steady-state conditions. Transient 
parameters can be defined by using computers for the solution of 
energy conversion equations. 
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2.5. The Effect of Parameters on the Dynamic 
Characteristics of induction Machines 

A$ an axamplu of application of uompulara for the siioulatioii of 
dynamic ptocessoa, consider the Iransietita in an iuductJou machine 
wiUt a circular field in the air gap. Such a field can exist iu an ideal 
machine supplied from a sinusoidal symmetric voltage source, in 
real electric machines, the air gap contains a host of the fields of 
higher harmonics along with the field of the fundamental harmonic, 
therefore the anafysis of the processes in machines that takes into 
eonsideralion only the fundamental harmonic applies to the idoal 
machine and gives approximate results. 

If the electromechanical equations for an energy converter having 
a circular field in the air gap are cast in the form convenient For 
the simulation of processes on computers, it is possible to solve the 
equations and thus investigate the processes using the obtained 
results. The solution of equations for a circular field does nut present 
difficulties. Given the simulation model for the solution of electro¬ 
mechanical equations, we can uso the results from the processed 
oscillograms or take the readings on digital measuring devices 
and thus evaluate the dependent and independent, variables and 
the time from one event to the next (starting, reversing, braking, 
pulling in synchronism, restarting, etc.). 

Computers offer the possibility of analyzing transients, i.e. deter¬ 
mining currents, impact torques, and the .duration of a transient 
process with a change in ono parameter, whicli is impossible to do 
in investigating a real object. 

Analyzing the start oscillograms of induction motors of various 
powers, it is easy to reveal that the course of transients (variatioDS 
in currents, torquee, oscillations) varies from motor to motor because 
these energy converters heavily differ in pnraraetars. 

Figure 2.17 displays the plots of Mi„, t,i versus R' at starting 
Figs. 2.18. 2.19 and 2.20 illustrate how f,„ and l,f vary with 
mutual inductance (the size of an air gap), the moment of inertia 
and rotor leakage inductance respectively. Tho plote are drawn tor 
an A2-102-S induction motor. Here P, — 100 kW, 2p — S, V 
= 220 V. /?• = 0.0.8 Q, R' i= 0.024 Q, W = 106 X 10-* H, ■= 
= £,’■ = 151.1 X 10-* H. and / = 6 kg m>. 

The curves of Figs- 2.17 through 2.20 permit us to estimate the 
effect of parameters on the dynamic characteristics of a motor at 
starling. However, those plots ere nnsuitablo for estimating the 
dyoatnioally optimum parameters at wJiioh, for eTcompte, the start¬ 
ing time and the impact torque would be at a minimum. 

The curves of Figs. 2.17 through 2.20 are seen to display extrema. 
Let us note that a decrease or increase of only one of the parameters 
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cannot lead to optimum results. An analog computer solves the system 
of five equations. There are optimum relations between the equation 
coefficients at u^idi the requisite quantities exhibit extrema. 

Figure 2.21 illustrates the plots of and t,, versus R' 

for the reversal process in the A2-102-8 motor; Figs. 2.22, 2.23, 
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Fig. 2.19. The curves of f,<, Mi„, and 
l,„ versus moment of inertia 



and 2.24 display the plots of the same quantities as functions of 
mutual inductance M, moment of inertia /, and rotor leakage 
inductance IJ respectively. The transients in reversing are more comp¬ 
lex than those at starting. It has to be noted that the effect of para¬ 
meters on the processes occurring i in reversing differs from the 
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effect they have on the processes at storting. Opttmwmpara/neters in 
starting, reversing or oOier dynamic conditions differ from one another. 
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rig. 2.23. The curves of and 

hm versus moment of inertia in revor- 
sing 


Fig. 2.24. The curves of I,,, A/j„ and 
f/m versus leakage inductance in rever¬ 
sing 


It is of interest to look at the process of reversing with the field 
still undamped.^ With a rather fast reversal of phases at machine 
terminals, the field in the air gap has no time to give up its stored 
energy. In other words, the field has not yet decayed at the instant 



3,1. infinite Arbitrary Spechum ol Fields in Air Gap 


71 


of conneclioD of the motor to tho bua. The analysis of the process of 
reversal thus requires estimnting the initial values of the undamped 
field by dolining the flux linkage between the stator and rotor 
windings. Reversing contactors operate in the severe conditions 
fail ac contactor closes in 0.03 to O.OS s). The most effective technique 
of studying transients in these devices is to use an analog computer 
set up for progranimahlo work. 

One of the interesting transient modes is the mode at restarting. 
The system of equations and the simulation model for its solution 
will be the same as at starting with the exception that the angular 
velocity a>, will be other than zero, investigations reveal that the 
restarting process at 01 , close to the nominal (with short-time supply 
interruptions) Is accompanied by heavy surges of currents and tor¬ 
ques. These surges exceed the maximum values of currents and 
torques in starling and reversing. The restarting process with the 
field undamped lends itself to the analysis after estimation of the 
initial conditions for flux linkages. 

Since the rotor has a sloro of kinetic energy and the field has not 
decayed, restarting must appear at first glance to be an easy mode 
for ou electric mecblne. However since restarting involves the 
disconnection of a machino from and its connection to the supply 
line, the two attendant transient processes with complicated changes 
ill currents and torques superpose one on the other. 

Given the mathematical model of an induction machine, we 
can an.ilyze the operation of tho uiaohine both in tho braking and 
in the generating mode. In investigating the generator action, it 
suffices to change only tho sign of the torque in tho electromechanical 
equations. If the line voltage is constant, tho induction generator 
operates in parallo) with and into the infinite power line. Certain 
difficulties arise in the analysis of an autonomous induction genera¬ 
tor when it draws the reactive power from capacitors and the voltage 
and frequency undergo changes. 


Cbapfsr w 

Generolized m-n Winding Converter 

3.1. The Infinite Arbitrary Spectrum 
of Fields In the Air Cap 

As Is known, the circular field in the air g-sp can be tbouglil to 
exist only in an idealized machine. /« real, machines, the air gap 
eiehibils an- iniinite spectrum of harmonics differing in amplitude and 
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Jreguency along with the fundamental harmonic. These haroiotlics 
revolve both In the forward and in the backward direction with 
respect to the revolving fundanieiital harmonic. The angular veJoch 
ties of the harmonics can be higher and lower than that ^ the /unda' 
mentnl wave aod their amplitudes can vary in rotation. Ali harmo¬ 
nics may be divided into two types, time and apace harmonica. 

Tima harmonics are the ones which got into the oir gap of a ma¬ 
chine from the outside. Space harmonics appear in the air gap on ac¬ 
count of the specifics of tlie converter's inlernal structure. It ehould 
bo knpr. in mind ihni this classification of harnioiucs is rather condi¬ 
tional; the names Mime and apace harmonics' arose for historical 
reasons in the course of development of the theory of electric ma¬ 
chines. 

Considering the EC as a iwoport (see Fig. 1.8). we" should note 
that the converter has two inputs, one on the side of electrical ter¬ 
minals and tho other on the aide of mechanical terminals. Time 
harmonics arise from nonainusoidel, asymmetric voltages and 
nonlinear changes in (he amplitudo and frequency of voJtagea. 
They also result from nonljnear changes in the torque and speed. 
la the general case, time barmoates appear from the simultaneous 
action of nonlinoar factors at two input terminals. Those harmonics 
may also get into the air gap of on electric enachina from thermal 
terminals (see Fig. 1,1), Heal shocks (.sharp temperature variations 
of tho machine frame) cause upper iiormonics in the air gap as a re¬ 
sult of changes In the machine parameters. 

Nonsinusoidal voltages which give rise to time barmOTiics may 
result from nonlinear elements such as saturable reactors and semi¬ 
conductor elements disposed ahead of the motor, a nonsinusotdal 
waveform of the generator voltage or distortion of the waveform of 
(he supply voltage, etc, If the supply voltage contains s constant 
component, a harmonic spectium eoiOrgeS, which Includes an infi¬ 
nite range of even harmonies along with odd harmonics. 

In the absence of timo harmonics in the air gap of a tnachino, 
space harmonics originate from the nonsinusoldal riistrihution of 
turns and magneliaing forces, air gap non-uniforndily due to the 
prosence of teeth and slots in the rotor and stator, gap ellipticity 
and conicity, and nonlinearity of the paramelrrs entering into 
elertromechanical equations. 

Consider in more detail space harmoniri, in particular the har¬ 
monics of magnetir.ing torce,^. The windlnga of electric machines 
are curreni loops producing magnetising forces. The simplest wind¬ 
ing (loop) is a turn (or e coil consisting of several turns) whose 
pitch y is equal to the pole pitch t (Fig. .H.lo), Such a loop products 
a rectangular magnetomotive force (mmf). At y< t (Fig. 3 16) 
the inmf takes the form of a trapezoid. Where two or more coils are 
involved, tho mmf assumes the form of a slopliko carve (Fig. 3 (c). 


3.1. Infinite ArfaHrary Spach-um ol Fleldt in Air Gap 


73- 


Developing the mmf as a harmonio progression, \ve should note the- 
fact that where the mttif distribution is rectangular in shape, upper 
harmonics have maximum amplitudes( iho amplitudes hccoine lower 
with a shortened winding pitch and lower still further where the 



W <b) (e) 

Ki),. 3.1- Current loops 

winding consists of a few coils. Only in the case of the sinusoidal' 
distribution of turns over a smooth cylindrical surface of the gap- 
upper harmonics of the mmf are nonexistent. 

For a coil 'winding or for one lurit, as shown in Fig. 3.1a> the- 
amplitudes of harmonics are given by 

F, = (4/n) P, 

= (1/3) (4/n) 

F^ ^ (1/5) (4/ji) F, (3.1h 

F,. = (1/v) (4/n) 

where F^ = Iwl2-, I is the current flowing in a turn; and a; is the 
number of turns in tbc coil. 

In a winding comprising q colls, the mmf approximates a sinusoid 
and tlic amplitudes of harmonics become lower. 

In three-phase symmetric windings there appear harmonics of 
the order 

V = 6c db 1 

where c = 0, 1,2, ... . Harmonics of the order 6c -j- 1 (7, 13, 
19 . . .) revolve in the forward direction with respect to the rotating 
first harmonic at a speed which is a factor of 7, 13, 19, . . . lower 
than the speed of the first harmonic.; Harmonics of the order 6c — 
—1 (6, 11, 17, . . .) revolve at a speed of 1/5, 1/11, 1/17 . . . tho- 
speed of the first harmonic in the direction opposite to that of th®- 
first harmonic. 
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For two-phase synimetric windings, v = 4c i 1. Harotonics of 
■the order 4c -f I. revolve iu the enme direction as the first harnJOiLic, 
and harmonics of the order 4c — 1 revolve in the opposite direction 
to the first harmonio. 

Because the phases of windings are asymmetric, eacli upper har¬ 
monic of tho mmf may have a forward and a hacktvurd wave. Thus, 
only a nonsinusoidal and asymmetric distribution of the mmf may 
give rise to two sets of harmonics in the air gap. 

A set of aaliency-iiiduced harmonics has a heavy effect on ihs 
characteristics of an energy converter. Tho windings of electric 
mao.hinea are distributed in slots. Since the permeance of the air 
gup is nonunifonn, the field pattern in the gap depends both on the 
mmf distrihulioM and nil the gap permeance; 

B {x) = Xft F (x) 

Tho magnetic flux density as a function of the coordinate counted 
-off around l)ie circumference is proportional to ihe gap's specific 
permeance (;c) e.vpressed in terms of the permeance per unit area 
of the gap. In electric machines the tooth pitch is usually the same 
aruund the entire circucnferenca and the gap permeance is represented 
in the form of a periodic curve which can he expanded into a Fourie 
series. For a machine exhlbijting saliency on both sides of the gap, 
the analytical estimation of the per-unlt-aroa permeance even with 
d.he rotor at standstill, let alone in motion, presents a difficult 
problem. The quantity Xg can be defined as a product 

Xj = Xa,X(i, 

where X«, and Xj. are the per-unit-area permeances of the stator and 
rotor rospectivefy, calculated separately on the assumption that 
saliency results from the slots only on one aide of the gap. 

The equivalent opening ul a slot varies ae a result of saturation, 
so che amplitudes of salioncy-induced harmonics may change with 
load. Skewing of slots on the stator and rotor for one tooth pitch 
-can reduce the amplitudes of these harmonics. With the slots skewed, 
the erofs due to saliency-induced harmonics over the active lengtJi 
of the machine are offset and the currents caused by the emfe are 
close to »ero. 

The magnitude of saliency-induced harmonics depends on the 
proportion of tlie number of slots in the stator to that of slots in 
the rotor. Some proportions are unfavourable because they are 
'responsible for appreciable vibrations and noise. For three-phase 
induction machines, the unacceptable proportions are the following: 

5^1 Zj — 0, d, 2, 3, 4^ Zj — Zg = p# p i 1 
Z, — Z.j = 2p; 2p ±1; 2p ± 2; 2p ± 3 
2p ± 4; Zj — Zj = 3p 


(3.2) 
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Making the right choice of the proportion of the number of slots 
in the stator to that in iho rotor, properly abortening the winiling 
pitch, and decidiug on slot opening end skewing, it becomes possible 
to reduce the amplitudes of space harmonics or make one of the 
hermoiiica prevelont over the others in the spociriim. In this case 
the Inndemental, or first, harmonic is an upper space harmonic 
since its amplitude is the highest over tlie others. 

Space harmonics generally revolve at a lower velocity than the 
tirel harmonir.. The angular velocity of a space harmonic is 
a fiirirlion of voltage U] end its frequency ajid the pole pitch 
is a function of the nuiiibor of slots and teeth. Therefore the velocity 
ot By. is a factor of v lower than that of the first harmonic, Tliis 
B.\plains why motors opei ating on upper spoon harmonics are of the 
slowTspeed type, and thus can perform the functions of muflipolar 
machines or genrmol.ors. 

Slow-speed motors exhibit harmonics whose frequencies ,ire 
lew'er than that of the first Jiarmouic. These are tubharmonlcs which 
are also present in ordinary mKcliinoa, Jn muJtjpoler mncbiiies, 
subliarinonics urisc due to the difference between permeances under 
the poles and as a resiift of modulation of the first harmonic. 

Space linmionit's bIso arise from the nonlinearity of machine para¬ 
meters. What exerts the highest influence un the spectrum of hnrrno- 
nics caused by the nonlineurity of parameters is saturation, i.e. the 
nnultneor dependence of mutu^ inductance on current or time since 
current is a fnncliun of time. All coefficients entering into the electro¬ 
mechanical equations may be nonlinear. In an actual machine, 
resistances vary on account of current.dieplacemenl feurrent density 
variation), .aud inductances depend on saturation; in some drives, 
the moment of inertia uiidergoee changes. Nonlinear variations fa 
the parameters lend to develop certain spectra of harmonics in 
the air gap. Tho effect of nonlinear parameters oii the machine 
characteristics will be dealt with in Cli. 7. 

The appearance of space harmonics is attributable to roanufac- 
turing faetors, to which belong the air gap noiiuniforiajly due to 
eccentricity of the stator with respect to tho rotor, rotor conicity, 
axial misalignment betn'een rotor and stator, and other factors of 
this type treated below in the lo.tl. 

Machine asymmetry too is responsible for the emergenco of harmo¬ 
nics in the air gap. A field of the backward (negative) sequence and 
a field of the zero sequence appear in an nsymmetrlo macliiiie. 
A pulsating zero-sequence field may be thought of as consisting of 
a forward and a backward field. 

Mention should also ho made of hoterodyno-rrojjuency harmonics 
because electromechanical FCs are nonlinear systems; ovon two 
harmonics presont in an energy converter are enough to give riso 
to un infinite spectra of harmonics at heterodyne froquencies. 
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If the possibility exists tot the flow of currents in the stator and 
rotor, which enable the stator and rotor fields to be stationary with 
respect to each other, an electromagnetic torque results from the 
pair of hamonics. In a short-circuited (squirrel-cage) rotor Induction 
machJoe, all harmonics present in the air gap may give rise to tor¬ 
ques. Upper harmonics show up most vividly when starling a ma¬ 
chine. For each harmonic lliere comes a point whore the rotor speed 
equals the field spoed, so the rotor may “gel stuck'' at this speed 
under the influence of the synchronous torque due to the space 
harmonic. 

Thus lliore is an infinite arbitrary spectrum of hnrmunics making 
up the air-gap field. This spectnim can be broken down into sets 
of harinuiijcs according to their origin. Earlier in the te.xt we have 
mentioned the classification of harmonics into time and space types. 
In turn, apace harmonics con be divided into types associated with 
the mmf, saliency, manufacturing factors, nonlinearity of parame¬ 
ters, and heterodyne frequencies. 

Oj the infinite sets of harmonics, only some affect the diaracterislics 
of an EC, since a great many of the harmonics have Infinitely low 
amplitudes Therefore only a small number of harmonics are given 
consideration in the analysis of energy conversion processes. 

To gain on insight into complicated interactions of harmonics, 
we first need to construct a mathematical model to describe energy 
conversion processes involving an infinite spectrum of harmonica. 


3.2. The Generalized Energy Converter 

In magnctic-lield energy converters, the working field is a mag¬ 
netic field Nvith its energy conoontrated In the air gap—ihe space 
where electroinechnnical energy conversion lakes place. As mentio¬ 
ned parfiar, in the air gap of an electric machine there exists an 
infinite harmonic spocirum dependent on the supply voltage, load 
on the machine, and machine design. Any processes in a machine, 
of whatever character, lead to changes in the air-gap field. 

In the mathematical mode) of a machine, each harmonic may 
be sol up by a pair of windings on the stator and on the rotor if 
currents of respectivo amplitudes and frequencies, shifted in phase 
with respect to each oilier, flow in the windings. Given an infinite 
set of windings, it is possible to produce a field of any shape. 

In Section ! A we have described the gencralir.od. or primitive, 
uiacliiiie defined as on tdeelired unsaturated machine with a uniform 
air-gap structure, which carries two pairs of wiudings nn the stator 
and rotor. Hero we shall denlnvith the generaliied electromechanical 
energy converter—the mathematical model of a real machine—which 
tnny have many lonpa (phase windings) on the stator and rotor. 
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Such n generalized convertor enables us to write equations with due 
regard ifer the field)!in the air gap and all current-carrying loops. 

Summing 'up, the generalized energy converter is an idealized two- 
pole two-phase electric machine with ni-n windings on the stator and 
rotor, respectively, arranged along the a and p axesasshown in Fig. 3.2. 


4 “ 

''m. IB 

t ) 

“5. I^^’L 



Fig. 3.2. A gonerallzed eleclromechaDical energy converter 

I 

Using the model of the generalized converter we can describe 
symmetric multiphase multipolar machines on the assumption that 
they are transformable to an equivalent form to match the two-phase 
two-pole machine. 

As seen from Fig. 3.2, each phase winding has its designation: 
subscripts cc and P identify the ages along which windings w lie; 
1, 2, . . m., n stand for the ordinal number of the windings on 

the stator and rotor respectively; and superscripts $ and r denote 
the stator and rotor windings, respectively, supplied with volta¬ 
ges u. 

Each pair of the wndings is fed from an individual supply source 
or all windings arranged in any kinds of networks draw current 
from a single source. In the generalized converter, magnetic link 
between the groups of windings on the same axis may not exist. 
Each pair of windings (coils) on the stator produces a circular field 
in the air gap. As is known, the generalized converter is an unsatu¬ 
rated machine, which allows us to use the principle of superposition. 
The field in the air gap can be set up by applying to the windings 
the voltages of different amplitudes and ^quencies, shifted in 
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phase with respect to each other. From the viewpoiat of mathe¬ 
matical theory, electric machines differ from one another by the forroi 
of the field in the air gap, number of windings, and the parameters 
of windings. 

Tho generalised converter is a useful tool for describing any electric 
machine. For example, a single-phase single-winding motor with 
a pulsating field in the air gap can be represented by a mathematical 
model comprising two pairs of windings on the stator and two 



Fig. 3.3. The modol oi a single-phuac molar 


pairs on the rotor (Fig. 3.3). Windings and aijp build up a for- 
WMd (positive-sequence) field' (u;^ = C/„ sin at, mJ ^ = (/„ cos at). 
Windings and are I fed with voltages = U„cosat 
and mJb = U„sin at which set up a backward (negative-sequence) 
field. If the rotor is of the squirrel-cage type, i/j'ij, and 
Ufa are equal to zero, 

By changing the voltages hcross the windings which produce the 
forward and backward fields, it is possible to go over from the 
pulsating field to the elliptic field and then to the circular field if 
the backward field in the air gap does not exist. If, apart from the 
forward and the backwai'd field, upper harmonics are present in the 
gap, it is necessary to add a requisite number of pairs of windings 
to the model and set up the field by applying to the stator windings 
the voltages of corresponding amplitudes and frequences, which show 
a definite phase sequence and phase shift. 


3.3. The Equations of ihe .Generalized EC 
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Most electric machines have several windings. If eddy ciirreot 
loops are taken into orcount, all machines may be thought of as- 
multiwinding macliities- As mentioned earlier, the generalized 
converter serves as o powerful tool for the analysis of actual machines 
with many windings. 

Equations describing the behavior of the majority of electric 
machines can be set up using the equations for the generalized 
energy converter. For tliis we need to: expand the mmf of the field 
(whose shape in the gap is known) into a harmonic scries, construct 
the model from a few pairs of windings and apply the voltages of 
corresponding amplitudes and frequencies to these windings. Although 
Iho field pattern in a rotating machine is practically impossible- 
to define, the mathematical model ofl au energy converter enables 
us to solve many problems to a sufficient accuracy by specifying 
voltages on the input terminals of the convertor. 

The analysis of working processes in electric machines relies on two 
statements', (a) all static and dynamic i^aracterlstics of a machine are 
governed by ike processes occurring In the air gap ', (6) an electric niacklne- 
is represented ns a system of linear electric circuits moving with respect 
to one another. 


3 . 3 , The Equations of the Generalized 
Energy Converter 

The voltage oquations for the generalized energy converter are 
written in the form of a complex malrjx similar to the Kron matrix 
for the primitive machine of Fig. Ij-H; 
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Each element in the above matrix is a submatrix. Here uj, uj, uS, 
and wg ore matrix columns: 
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Also, ii, if, ij are matrix columns: 
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In Eqs. (3.4), UjB, * * *, Un,a, • * •» ^jSi • •• 

. uIIa; uf«, u!b, .... uL« are the stator and rotor voltages 


. . ., u^f, uff, u‘f, . . u^f are the stator and rotor voltages 

along the a and P axes. In Eqs. (3.5), fja, i‘a .Ijo. • 

- • »!ia; IJp. - • •. i‘,f, tis . fmf are the currents 

along'lthe a and p a.xes In the stator and rotor. 

Voltage equations (3.3) may be written in a more general form 

In] = fsl X (/) (3.6) 

The impedance matrix (zj includes 12 submatrices. Four impe¬ 
dance matrices lie along t)ie diagonal: 

>U + (d/dt) Lfa (d/dt) M\ia . •. (dJdt) jt/U« 

_ (d/df) iV/Jia ria + id/dt) L\„ ... {d.dt) 

(d:dt) Hf miflt {dldt') Almia. , ,« rma-f-(d/dt) | 

Denote the resistances of stator and rotor windings on the a and p 

axes as ria, r^a ..rJai r^g .r^,,; 

r^ 9 , rjp, . . ;^,p. Ne.xt, denote the total inductances of stator 

and rotor windings on the a and p axes as LJa, Lla. ■ ■ ■> i'ma't 
> * * *, ^rtti, S,| , ^Ffl 91 91 ^2 9* * ‘ ** 

Finally, designate the mutual inductances between stator winding 
on the a axis as Thus M’ta. identifies the mutual 

inductance between the first and the second stator winding on the 
■a axis. 

In a machiiio with the equal number of turns on the stator sad 
fotor the mutual inductances for all windings along (he same axis 
.are identical. The total inductance L is defined as a sum of the 
mutual inductance) and the leakage inductance of the given winding. 

The submatrix Ag is similhr to A'J and comes out after the substi¬ 
tution of P for a. Submatrices and Ai in (3.3) come from 4, 
and .^9 by substituting r for s. Submatrices A", AS. 4}^, and Ag’ 
are indicative of linkage between stator and rotor windings. The 
.submatri.Y AS has the form 

(dldt)MYio. {d;dt)M\'2a.., (d/dt) AfYna 
(rf/d<) il/J'-.B (d/d«)ilfrsB ... (dldl)M>{„^ 

(d/dt) [d/dt) i/Sza (d/dt) 
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Here b the mutual inductance between the first windings on 

the stator and rotor along the a axis; ^/mna mutual inductance 
between the mth stator winding and the nth rotor winding along 
the a axis. The submatrix follows from the matrix (3.8) after 
substituting P for a. ' 

The submatrix Aa results from -dST by interchanging the positions 
of superscripts s and r and also m and re; Ap’ results from Aa by 
changing a for p. The inductance Mn„a is genorally not equal to 
though in many cases those inductances may be taken equal 
to each other. Submatrices Da and Dp and also Bap and Bpa are 
related to the rotating emf. The submatrices and Dp correspond¬ 
ing to the total inductive reactances 'of rotor windings along the a. 
and p axes have the form 


Da 


— /-Ia0)|. 4 .. — 

— A/21aa)r~-.1^2oWr ••• “ A/SnaWr 

A/^CaOlj. ... 


(3.0) 


L\piPr M\2pW^ 


MniptUr ^'K^e01r 


MlnpOi, 

A/jnpte, 

BnP^r 


(3.10) 


In (3.0) and (3.10), AfJj, and are mutual inductances be¬ 
tween the first and the second rotor winding along the a and P axes 
respectively. *■ 

The submalrices B^p and Bpa differ in sign and c.orrospor)d to 
mutual Inductances between the stator and rotor windings: 


— A/liftCUp — ATijeiOtr . 4 . 

— A/jiciW,. — 4l/22aWr ••• —Af2maWf 


AfnirtCe^ ikrnraUif •• "-A/'nrnaUip 


(3.11) 


where Af,joi, . - A/,„,a are mutual inductances between the first 

rotor winding along the p axis and the first stator winding along 
the a axis; i&nia< ■ ■ -r ^^nma ^re mutual inductances between the 
nth rotor winding and the mth stator winding. The submatrix 
liap relates the rotor windings along the a axis to tho stator windings 
along the p a.xis. The signs in the matrix are positive. Tho submatrix 
Bpa follows from (3.11) by interchaiiging the position of ct and p. 

The electromagnetic torque in the 'generalized energy converter Is 
defined as the products of all currents flowing In Die loops of the machine. 

fl-0U7S 
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The equations of motion fpi a motor with m~n windings on the 
stator and rotor, respectively, along the a and p axes are written 
in the form 

Mr = Jdtarldl + 

■+■ — M22ii'2tiisa (3.12) 

+ A/Jnijisaijip—A/JnpijgiSo 
■1" . i - "h A/mnaimalnS A/piliaipiljina 

The expression for the electromagnetic torque of a symmetric 
machine, where the mutual inductances along the a and p axes are 
the same for all windings and equal to M, is derived from (3.12) 
and is written as 

A/( = A/[(ijo-jr 1*1-f iSa+ + imci) (*?()-(• iSp-r IsB + — -|-Imp) 

“ (Me-r‘20-+• iSp + ... +imp) {lio“r lSa+ ... 4-‘raa)] (3.13) 


From (3.13) it follows that the electromagnetic torque can be 
defined hy two products of the foiu" nonsinusoidal currents. The 
terms in (3.12) and (3.13) can be divided into two groups. To the 
first group belong the terms associntod with the buildup of starting, 
braking, or geiior.-iting torques, and to the second belong the terms 
having to do with pulsating torques. The torques involved with the 
first group are set up by the stator and rotor fields that are stationary 
relative to each other. Pulsating torques are due to the fields moving 
with respect to each other, i 

The expressions for the former torques take the form 


A/ripMpiL 

Af -Af mwpfwp^in'i 


(3 14) 


Pulsating torques are givqn by 


A^'iV»f‘i«l5p--W'r2P'1pia« 

Afmnaimaf^P ** A/mnP‘m0ln* 


(3 15) 


The latter torques cause vibrations and do not afford the mean 
torque component. 

Expressions (3.3) through (3.12) are the most general electro¬ 
mechanical eqtiations for the case where a stator or rotor is stationa¬ 
ry. Where both the stator and rotor are in motion, expression (3.13) 
contains four more submatrices to allow for stator rotation. 

Proceeding from expressions (3.3) llirough (3.12), it becomes 
possible to derive equations'for multiwinding machines, machines 
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supplied with nonsioueoidal asymmetric voltages, nonsinusoidal 
magnetic-field machines, and most o( the other electric machines. 
The equations here are written in the «-P coordinate syslotn, though 
they can also be set up in other coordinates. 

Equations (3.3) through (3.12) contain integral parameters despite 
the fact that a winding consists of tufos. In the analysis of surges, 
the treatment of the processes in a winding should be given with 
regard to voltage distribution among the turns. Note also that 
voltages distribute themselves nonuniformiy among the turns at 
the slot bottom, near the slot wedge, at the top and in the middle of 
the winding, and also at the end and slot turn portions. It is thus 
possible to formulate a mathematical model assuming that the 
energy converter has distributed para|meters. 

The niatliemalical model becomes,more complex if a machine 
has two, three, or n degrees of freedom. This is a machine where the 
stator and rotor aw both rotating members, or the rotor has the 
shape of a sphere with the spherical stator being either stationary 
or in motion. In the eledromechauical equations for eleClric-field 
energy converters, capacitances subslitiUo for inductances. 

The concept of the generalized converter continues to develop 
in keeping with the advancement of the theory of electromechanical 
energy conversion. G. Kron was the first to introduce the notion of 
a primitive machine in the 1930s. The generalized electromechani¬ 
cal energy converter represents the model for describing energy 
conversion processes in magnetic-field machines having one degree 
of freedom, an infinite spectrum of harmonics, and any number of 
loops on the stator and rotor- The notion of the generalized converter 
con be extended to cover machines with any number of degrees of 
freedom, olectric-fleld converters, and electromagnetic field conver¬ 
ters. 


Chapter 4 

Typical Equations 
of Electric Mochines 

4.1. Transition from Simple to More 
Complex Equations 

In a particular case, the model of the generalized energy converter 
enables us to derive olectromechanic.sl energy conversion equations 
for machines with a few hermonics in the air gap, mulliwinding 
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machines, energy converters supplied from nonsinusoidal voltage 
sources, and for other actual machines showing a complicated inter¬ 
action between harmonics. Given the equation for the most comp¬ 
lex m-n winding machine, we can gradually simplify the iiiatheiua- 
tical description in the course of analysis to transform the model 
to the simplest one specific to a circular field in the air gap, the 
equations of which have haen given earlier in the text. But a useful 
approach is to begin witlt simple equations and then gradually 
transform them to a more complex form. 

As is known, the system of equations comprising four voltage 
equations (1.34) and the associated equation of motion (1.35) descri¬ 
bes the processes of energy ctinversion wliere the field in the air gap 
is circular in shape. The expression for the electromagnetic torque 
includes two products of <)uTTenta. 

A circular field in the air gap can be set up by a few windings 
on the stator and rotor. First consider a machine model having a pair 
of windings on the stator, which produces a circular field in the air 
gap and two pairs of windings on the rotor (Fig. 4.1). The voltage 
equations derived from the equations for an m-n winding machine 
have the form 
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Tbe system (4.1) comprises six voltpge equations, two for the two 
stator windings and four for the four rotor windings. The voltage 
in the rotor is zero if the rotor is of the squirrel-cage type. With the 
energy pumped to all the three pairs of windings, the circular field 



Pig. 4.1- The circular-field machine Fig. 4.2. The machine model with two 
model with two pairs of phase win- pairs of phase windings on the stator 

dings on the rotor and one pair of phase windings on 

the rotor 


in the air gap being established, the voltages across the stator and 
rotor windings must produce magnetic fields which are stationary 
with respect to each other. 

The torque equation for this model is 

Mf = .1/II (i latls ~ flails) (Ijallfl — t’alzs) (4.2) 

Equation (4.2) includes two components 

= Afu + A/,j (4.2a) 

The first component is due to the interaction between tbe cur¬ 
rents in the first windings on the stator and rotor, and the second 
is due to the interaction between the currents in the first stator 
windings and the second rotor windings. 

.4 circular jleld in the air gap of a machine having two pairs of win¬ 
dings on the stator and one pair of windings on the rotor (Fig. 4.2) is 
defined by six voltage equations; the electromagnetic torque produced 
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here consists of two components 

~ (.hixha 0 la'Ss iSa^lp) (‘^•^) 

= jI/i) + . 1/41 (4,3a) 

Tli« mathrmaticBl niodi>l desctibing llie processes of enerey con* 
version in this machinn Includes four voltage eqimiiotis for the sta¬ 
tor, whore the rotational em( is equal to zero, and two voltage equa¬ 
tions for ihu rotor. 

I’or the machine madel of Fig. 3.3 having four pairs of windings on 
the stator and rotor ithe field In ihc air gap being circular) the system of 
equations consists of eight voltage equations. The equation for the tor¬ 
que includes four components: 

^fa = .l'^n (I lafip flailp) +.1/24 (iaotJa— iJalip) 

dfi2 (Ijoflp •" f laizp) ”t" ‘Vzi (ilaijp— iial Ib) (4,4) 
hi, = -h .Ifj, ■+ .l/,j -f .’l/j, (4.5) 

A further increase in the number of windings does uot violate the 
regularities adopted in the formulation of equations. Tho next step 
following the analysis dealt with the circular field is the treatment 
of llic processes associated with an elliptic field which .uonsLslsof a 
forward and a backward field rotating at the s.imo velocity but in 
opposite directions and differing in amphtnde. 

A inaohine displaying an eJJiptic field in tho air gap can have se¬ 
veral windings. The system of equations then comprises a corres¬ 
ponding number of voltage equations, and the torque equ.iliorj 
includes a corrosporiding nurtiher of torque components. 

Tlie model of a machine with one winding on tho stator and one on 
the rotor, tlie field being assumed elliptic, is an eigUl-wiiidiug ma¬ 
chine model described by Eqs.| (3.3). The processes of energy Conversion 
associated with an elliptic field in the gap are given detailed treat* 
nicnl later In the text. Here we note only that the system of equa* 
lions consists of eight vnitage equations, one for each winding, and 
the torque equation includes four components: 

M, = M„ r- iU„ -f AT, 2 - Af,, (4.6) 

The signs in Eq. (4.6) depend on the direction of rotation of the 
harmonics of interest. If in the analysis of a inachine with on elliii- 
Uc field there is a need to consider additional windings, i.e. the eddy 
current loops in Uie stator and rotor, the equations become more 
Cumbersome. The number of voltage equations corresponds to the 
number of windings in the model, and the torque equation contains 
all the terms for pairwise intoraelion, 

Tho next group of equations is the system of oquatione for three 
fields in the air gap. The malhemattcal model hero involves 12 vol- 



tago equations, and the torque oquatioii coiiLaiiis nine components: 

M, = AU + Mi + + -W,, 

4- iWj, + A/oa (4.7) 

U tile Held in the air gap lias three harmonics and the stator and 
rotor carry several wiuding.s, the number of equations to be forinii- 
Iftlcd grows. In the ne.vt .steps of the analysis, llie equations are set 
lip for four, five, and n harmonics. 

Thus the typical equotions includo the equations for circular and 
elliptic fields with three, four, and more harmonics. The equations 
bocome more complex with an increasing number of windings on 
the .stator and rotor. Note that the solution of the above electrome¬ 
chanical equations for most electric machines requires writing cor¬ 
responding programs which will enter into tho library of standard 
progra ms. 

4.2. Energy Conversion Involving 
an Elliptic Field 


As mentioned above, the elliptic field consists of a forward and a 
backward field. An example of the motor exhibiting an elliptic 


field in tho air gap is a single- 
phase motor with one winding on 
the stator (Fig. 4.3). The mathe¬ 
matical mudol of a single-phase 
motor is the model of Fig. 3.3, 
having two pairs of windings on 
the stator and two pairs on the 
rotor. One pair of windings, 
and u>l^. La fed with positive- 
sequence voltages to produce a 
forward Field and the other pair, 
and with negalive-se- 

qiienro voltagos to set up a back¬ 
ward field. Ill a single-phase mo¬ 
tor the positive- and negative- 
sequence voltages are the same 
and the amplitudes of the forward 
and backward fields are equal to 
each other. 



Fig. 4.3. A single-phase muter 


An elliptic field is built up in symmetric and asymmetric machines 
when supplied from asymmetric and symmetric voltage sourcos ros- 
peclively. 

For an electric iiuicliine modeled in terms of the machine of 
Fig. 3.3 the system of oqimtinns (4;8) holds. This set of equations is 
derivable from the equations for the gotiernlized converter on coiidi- 
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tion that tha machine linden study is of the iinsaturated type and 
the interrelation betiveen the negative- and positive-sequence vari¬ 
ables docs not exist: 
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To establish the equation for the torque, we should consider a 
model Comprising two stators and two rotors coupled together 


4J 

1=0 C=; 

— 


c 

—y— 

1 

= c=j 

-J 

LJ= 


“d Uji fj 


C=i |=J Cr 1=0 


c=Q=z. 

u,: f, u,; {, 


iqg. 4.4. A two-stator two-rotor ma- Fig. 4.5. The common-rotor machine 

chine model . model illuatrative of the interaction 

between the positive- and negative- 
sequence voltages or currents 


(Pig. 4.4) and also a model composed of two stators and a common 
rotor (Fig. 4.5). 
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A.*; seen from Ihe simplified two-stalor iwo-rotor model, tlie posi¬ 
tive- and negative-sequence stimuli are likely to give rise to two- 
fields in Ihe gap, thereby selling llie rotors in motion in opposite 
(lireclions; the interaction between tlhe positive-sequence currents 
in the stator and the negative-sequence currents in the rotor is non¬ 
existent. 

In this case the torque is 

iV.= M is )-M - lUih) 

or 

M. ^ Mu- (4.10). 

In the common-rotor model of Fig. ATi there e.vists coupling be- 
Iwaeii the positive phase sequence and Ibo negative phase sequence,, 
and the torque equation thus lias the form 

M, = AI l(ilpi5a - - (iSaija- iW!ia) 

4- (i*(l*Za — llaf 2a) (iJe* la — 'iaiie)] 

— M jj — M 22 4- M ,2 —-^21 (4.^ ^ ^ 

The (n/erarlion between the positU>e- and negative-sequence currents 
gives rise to pulsating torques which dc not provide the mean torque 
component in the steady-state operation and affect the course of a tran¬ 
sient because in the transient region the currents are decaying and the 
mean value of eurrent oner a q/ele varies. 

When = 1 and the field pulsatcsi the resultant torque is aero, 
ao there is no starting torque on the motor shaft (Fig. 4.Ga). In order 
to start a singte-plinse motor, it is necessary to set the rotor in mo- 
lion by an auxiliary motor or reduce the backward field; ilio motor 
then acquires a torque whidi keeps ft going in the direction of the 
applied torque. The most popular method of starling n single-phase 
motor is to reduce the amplitude of tho backward field, l.e. to trans¬ 
form a pulsating field into an elliptic one (Fig. 4.life). Many approach¬ 
es are applicable for producing an elliptic field in the air gap of 
a motor supplied from a singlo-phaso circuit. One of the widespread 
methods Ulilirea an auxiliary starting winding displaced ftO® in. 
space from the main winding, the excilalioo currents in bolli win¬ 
dings being brought Into the desired time-phase relation (Fig, 4.7). 

An elliptic field in a s^miinclric motor (s set up by impressing 
asyinnMiiiic voltages acros.« the windings. With the impressed volta¬ 
ges being at asymmetry, the equations e.\presse(l in terms of flu.x 
linkages lake on the fonn 

dr^jdi = di't^./dt = <„ - Ji'iU 

= H'iU - bWr'i'^a. 4- /'Wr’l'Ia ,, 

d'I'lJdt = dVJp/df = ctujp - ff’tjH ' ■ 

dV'.Jdt = -R'i-;,. + p<nr'y',i<, iPfls di = -fl'/U - 
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Resolving tho flux liokagie^ and currents into symmetric compo* 
iionls, we can obtain the a-P equations expressed in terms of flux 
linkages and currents. U Is advisable to represent flux linkages as a 




Fig. 4.T. A capaciU>r.6tart single-phase 
induclioa motor 

Fig. 4.C. The mechanical characteris¬ 
tic of a single-phase motor 
.- torque due to pneltlve-eequonce field; 
•tfg^ — torquedue tonegatlve-eequencefield; 
Sff -. total trosultant) torquo 


sum of Ibe products of currents and inductances, expressed in rela¬ 
tive units. The procedure ofi simulation on an analog computer will 
then require fewe.r adders because tiio flux linkages are the sums of 
■currents with definite coefficients: 


'fia = i’l;, + m:„, v;„ = i-ijp -i- mi;* 
via = LX, + Mila, VIP = LX, + MiU 
'V',a = LXa -f- Mil,. >FIs = LXf + Mil, 

Solving the algebraic equf^tions, which enter into the general sys¬ 
tem of equations (4.12), for currents ila, I'la, 1 %, and ilp expressed 
in terms of flux linkages Via, VI p, Vlai VIp ft.12), we obtain the 
of equations 


dilaldl = OHla -t- (bIM} Via - itn (i? + O — (l^rloL^) V5fl 
di\,'dt -^auu -f- (b-M) Vl,-il, {D -f C)-(pM,/ai.') V!p 
di'ia.'dl = CIMla + (6/A/> V5a - ‘Sa (fi -f C) -f (pw,/aL’^) V^p ^ ' 

dil,'dt = d: aui, + (b^M) VJp — ii,(B + C)- (pco^ 'aL') VS* 
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dV\a’dt = -R’i\^-pi.^r'VU 

d^^aldt = -i?'-/S«-r/>w.r5s 
dYJp'dJ = - /Titij + p<b,'F?, (4.14 cont.) 

d'V\i!dt = - R'iifi - pw^lla 
yW, = 'I'lpiU - VJailp + ’?5piS„ - + M'lpi 

-V;a/56^-«a-V5.i(p (4.15) 


where a = MI{oL’L^y, b = flM//(oZ,/? = R'!{aL‘)\ C = 
= MR''/(aL‘L'). 

Substituting the espresaions for currents into the fln.x linkage 
equations, we can establish the system of differential equations exp- 
re.s.sed In terms of flux linkages. 

For Fqs. (4.12) through (4.1.^), a simulation model is set up to 
solve the equations on an analog comjputer, or n program is written 
to be nin on a digital computer. An in the analysis involving a cir¬ 
cular field, the objectives here are to investigate the transienis, llie 
effect of parameters, and seek tlie ways for optimization. 

The adjustment of a simulation model is done as follows. The 
steps arc first taken to adjust one part of the model for llte forward 
field equations and then the other part for the backward field equa¬ 
tions to enable llie entire analog to be set np on a comptiter, the elec/- 
tromagnetic torque and angular velocity being assumed equal to 
zero. The compulation procedure tlieii follows to solve the boliavior 
of an induction machine in various modes of operation. 

Since the equations for an elliptic field are more difficult to solve 
than those for a circular field, the use of computers to deal With the 
former equations is a good approach to obtaining most appropriate 
results. 

4.3. Etiiplic-Field Steady>Stale Conditions 


The steady-state equations for a aytninelric macliine e.xhibiting 
both a forward and a backward field in the air gap can be derived 
from (4.8) and (4.11) by substituting /o) for p. 

Applying (l.il) for the steady stale yields the set of equations: 
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(4.10) 


Here v = jxpn/.SOto, and the voltageb on the stator or rotor phase 
windings differ in magnitude. 
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UsinK the melhod of symmeti'ic components gives 

(]%: — m+m (4.17) 

I 

where 1!% end On are the positive-and negative-sequence (forward 
and backward) stator voltages respectively. The voltages J7J and 

—/</{, produce a circular forward field, while Vi, and fVi, set up a 
backward field. For the ca.sc under study, 

h=-ih^+]h ( 4 . 18 ) 

I 

where /j, —jlp and /J, jif, are tlie positive- and negative-sequence 
stator curretits rc.spectively. , 

For the rotor the following equations hold: 

0'^=Vi+[}'„. vi^-jVi+fVi 

. . . . . . (4.10) 

I 

where C/p, On, /J, li are the rotor voltages and currents of the posi¬ 
tive and the negative sequence, respectively. 

Equations (4.17) through (4.19) follow from the model of Fig. 3.3 
showing four pairs of windings on the stator and rotor. Since the 
model represents an nnsaturated machine, coupling between the 
negative-sequence windings does not exist. The torque con be defi¬ 
ned by use of the common-rotor model of Fig. 4.4 or the two-stator 
two-rotor model of Fig. 4.5., 

Considering the processes In a machine along the a axis for tlio 
po.sitive-scqucnce variables, from (4.17) through (4.19) wo get 

+ (4.20) 

"+ ^^{- ; 4 )('•' + 7 ^) h - 1 - (- jh) ( 4 . 21 ) 

In a similar manner, for the negative-sequence variables we have 


= (4.22) 

— Vi=}Tnh+ vx,n{fh) + {r^A-j^')h + '>x''(}ii) (4.23) 

As we did in deriving the equations for n circular field, here we 
replace tlie total inductive reactances x‘ and i' by the reactance of 
mutual indtiction, x„, and the stator and rotor leakage reactances 
and Znj, respectively. After transformations the equations bo- 
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como 

Ui = (r> -I- /Xa.) h + (h + h) (4.24) 

— }^m ^p ^P 

+ )3rmh — f^'^mh — i'>^oJp (4.25) 

Transforming Eq. (4.25) for tlie rotor gives ns the equation of the 
[orm 

Urn (1 - V) i% + 1X„{1- V) il + jxa, (1 - V) /' + r'/5 

Since 

t — V = 1 — tUp/Cl), = s 

-<^; = /*«s(/’p + ^p) V/W^ + r'/J (4.26) 

Dividing botti sides of (4.26) by s we get 

— Ufls=jx,^ (■/p+ tp) -r Jp ('■’’.'»d-/^o,) (4.27) 

Equations (4.24) and (4.27) for the' positive-sequence voilagea in 
the stator and rotor, respectively, describe the processe.s in an induc¬ 
tion rnachine for the positive phase sequence. These equations fol¬ 
low from tho equivalent circuit of Fig. 2.3. Here 

r'/s = K -f pr (J _ s)i3 (4.28) 

The loss in r’’ (1 — s)/s is proportional to the useful power at tho 
machine sitaft. 

A similar approach is applicable to deriving the negative-sequence 
equations 

u\ =(r*+/*„.) h -1 ( h +/;) 

-£/S = /j:„ (1 -t- v) (/;-f /;) -f (I v) h + r^h (4.29) 

Since 

1 -j- V = 1 4- Or/iO, = 2 — s 
- f/l. = /3:„ (2 - s) (/;; -I- /;) -f- /x„. (2-s)h + r'h (4.30) 

Equations (4.29) and (4.30) follow from the equivalent circuit for 
the negative phase sequence. 

For complex equations and per-phhse equivalent circuits of the 
induction inutot, tlie phasor and circle diagrams may be found appli¬ 
cable. However, the analysis of the working processes in motors by 
tlie phasor diagrams presents difficulties because the current distri¬ 
bution among phases with load varihtion depends on the angular 
velocity and torque e.xertcd on the shaft. Where the analysis invol¬ 
ves an elliptic field, a more preferable, approach is to solve Eqs. (4.8) 
and (4.11) rather than to proceed frorh tho simplified diagrams. The 
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thing is that phasor and circle diagrams which hold and work well 
for a circular field are impracticable for a more genera) case, i.e. an 
elliptic field. 

Mote that a iwo-phase motor with its stator windings supplied 
from sources differing in frequency may have one of its phases con¬ 
nected to a .suppl.v line and Inc other to d tliyrislor converter or bolh 
connected to individual cojiverters. Under these condition.?, consi¬ 
deration should l>e given lor pulsating fields in each winding, and 
iJio .analysis of energy convereion processes should he done for at least 
four fields in the gap. Here the model for iho two-pha.se motor is 
built up of four pairs of windings on tho stator and four pairs of 
windings on the rotor. The system of equations comprises 16 voltage 
e.qiiulions and the associated torque equation includes 16 torque 
coiiiponenla. If the conditions deviate from those favorable for 
.seitiiig up a circular field, the problem becomes more complex. 

The slandord prograrns of typical energy conversion equations are 
n useful tool for studies of the transient and steadj’-state performance 
of electric machines having circular and elliptic fiolds, fields with 
several harmonics, and carrj'ing two or more windings on the stator 
and rotor. These programs form tho basis for automatic systems of 
designing eleciric machines. 


Chapter 5 

Energy Conversion Involving 
Nonsinusoidol 

ond Asymmeiric Supply Voltages 


S.1. The Equations of Eledrlc Machines 

Consider m. field.? in the air gap (i.e, a field containing m harmo¬ 
nics). A machine with a noDsjnusoidal voltage at its terminals may 
serve as a classical example for the case under study, A general exam¬ 
ple of tho nonsinnsoidal voltage source for an induction motor is a 
semiconductor frequency convertor. 

Assuming the machine to bp ideal (so additional harmonics in the 
air gap are none.vistont), it is safe to picture the field as the one 
faithfully reproducing tho h-armonic speclrtirn of the applied vol¬ 
tage. An ideal machine does pot generate noise, and so for the hai^ 
monic spectrum of the inagnO|trc B fioltl to be defined, it (s enough 
to expand the phast* voltages into a harmonic series. TTie directions 
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of rotation and amplitudes of time harmonics depend on the num¬ 
ber of phases in the machine and the ordinal number of each harmo¬ 
nic, os is obvious from tho set of equations (3.1). 

Assume also that each of the m harmonics making up the field in 
tlie air gap is set up by two pairs of windings arranged on the stator 
or rotor along tlie a and p axes. Tlhe model of such a machine 
(Fig. 5.1) has two sets of m windings on the stator and rotor aJong 



tho a and p axes rather than m and n windings on the stator and ro¬ 
tor, respectively. This model is analogous to the model of the genera¬ 
lized converter. 

For the machine with m windings both on the stator and on the 
rotor, we derive the system of equations from (.3.3). In these equa¬ 
tions, mJb, i/fd are the stator voltages at the fundamental frequency, 
and ujtt, w'd are the stator voltages producing the field of a third 
harmonic. The latter voltages have a frequency /, = 3/, and an 
amplitude that corresponds to tlie amplitude of the field of the third 
harmonic. VoKages uja, itJu corresponcj to the fifth harmonic of fre¬ 
quency /, = ,5/,, and voltages i4ia, Ump are the voltages of the mth 
harmonic, = m/,. The phases and the directions of rotation of 
the field harmonics result from the corresponding voltages across 
tho stator windings. If the ait gap exhibits subharmonica, i.e. the 
fields whose frequencies arc below the fundamental frequency, tt 
part of the windings are fed with voltages at frequencies lower than 
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The matrices A^', Aff, and alJ (Jcriva from on replacing ot 
hy p and interchanging s and r. fn machines subfoct to saturation 
and other nonlinearities, the mutual dhdnctances hotweeu the stator 
and rotor loops, on the one hand, and those between the rotor and 
stator loops, on the othor, may differ fn sign 


— Li\aO>j‘ 
0 


Da = 



0 

•C'lpWr 

0 


Z)p = 


0 

0 

Z,2p{i), 


0 

0 


^*#7WtWr 

0 

0 


(5.3) 


(r..4) 


0 0 




The snbmatrices Dag and Dg^ differ in sign and one follows from 
the other by interchanging the positions of a and p and of r and *. 



0 

0 

0 


0 

0 

0 



where M[[a< -VSui • • •. the mutual inductances between 

the rotor and stator loops carrying ''•jrronts of respective harmonics. 

Combining the submatrices of voitagos, currents, and impedances 
gives the equations of an electric machine supplied from a notisinit- 
soidal voltage source, each set of equations being written for a defi¬ 
nite harmonic. 

For a real macliine having one pair of windings on the stator and 
one pair on the rotor, the resistance in the mathematical model may 
be considered equal to each other. The total inductances of the sta¬ 
tor and rotor windings along the a aad P a.xes may diher from each 
other because of the difference between the leakage fluxes (the desig¬ 
nations of theso inductances aro the same as for resistances). The 
mutual inductances between the stator and rotor windings may tm 
taken equal to each other. 

T-0II78 




^ Energy Conversion M Nonsiru Asym. Voltages _ 

Since the machine modol is unsaturable, there is no coupling be¬ 
tween the stator windings along tho same axis. Hypothetical windings 
producing the field in the air gap have no coupling between each 
other: in the machine under study the nonsinusoidal currents flow 
in one winding. 

As in the case of an olliptid field, here we can consider two models 
to derive the equaiionfor the electromagnetic torque. Tho first model 



(Fig. 5.2) has m stators and m rotors, the latter being rigidly coupled. 
Eacii stator is fed with voltagc.s of the first and upper harmonics. 
For the model representing the processes of energy conversion in 



Fig. 5.3. The m-stator common-rotor machine model for dotormiiiing AY, 


this fashion, the torque equation contains only the products of quan¬ 
tities with the same indexes. The pulsating components are absent. 

According to the second biodel (Fig. 5.3), built up of nt stators 
and a common rotor, all harmonics irfteract and tho torque equation 
includes the products of all stator currents and all rotor currents of 







S.2. The Solution of Eguatiom Invotvlng Asymmetric 


99 


upper harmonice. Those proilucts coritaiu the terms with different 
indexes, which produce pulsating torques. 

After transformnlions, the niutiial inductances between the autor 
and rotor windings being tahen equal to each other, we find that 

M, = M Kif, + i;, + . -. + ii>^) (iU + ijs + . . . + Ca) 

(S.til 

~ + fjfi "I" • • • tms) (tja T I'ia "f - - - 4- fmall 

The electromagnetic torque defined by Eq. (5.6) Is llio product of 
nonsinusoidal currents in the siatori and rotor. 

Modeling pormits analyzing an acljial energy converter by use of 
four eqnnlious similar to (4,1) and a nonsinusoidal voltage source or 
m equations and a sinusoidal voltage soucoe. The m-winding model 
is more complox) hnt it offers large possibilities for simnluting the be¬ 
haviour of the physical system on a digital computer. An analog 
computer is more preferable for the realization of the model for 
four equations in conjunction with a nonsiniisoidnl voltage genera- 
lor as power supply. 

With the nonsinusoidal asymmetric supply voltage used, both 
the first and upper harmonics exhibit tlie forward and backward 
fields. Therefore, the mat.homatica] model roust include the pairs of 
windings on the stator and rotor to represent tho forward Field and 
one more pair to represent the backward field for each harmonic. 
The rininher of fields in the gap Llien grows and tlie number of win¬ 
dings in the model grows accordingly; the initial equations here 
hold, and it romains to choose the desired harmonics and solve approx- 
imniely the stated problems lioceuso computers cannot naturally 
lake tutu account the interaction of all harmonics, 

5.2, The Solution of Equations Involving 
Asymmetric Supply Voltages 

Eqiinliona (5.1) through (,5.6) show a more general character than 
the equntiuns for a cirutilHr field, (herefore tho former equations 
require the use of oiialog and digital computers for their solution. 
In tho simulation of processes on an analog computer, special feed 
circuits am sot up, which are tlie analyzer networks intended for the 
solution of energy converter equations. Most populor are the net¬ 
works designed to reproduce tho modes of operation of a thyristor 
converter; they combine the principles of mathematical and physical 
modeling. The gale circuit is built up as a physical model, and the 
analyzer's electric equipment connected to the gate circuit repre¬ 
sents the maihomaticnl model of an electric machine. 

Assuming that the motor under analysis is fed from a nonsSmisoi- 
ilal voltage supply line of (nliutte power (the uticet nf the. load on the 
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voltage waveform hofug disrogarded), it is possible to realize non- 
mnusoidal Voltage generators on an analog computer and use them 
instead of sinusoidal voltage generators in the computer model for 
the solution to the cciuntions of an energy eonverter (sets Appendix 

An analog computer can aimnlate power supply tor an electric 
machine from a magnetic amplifier after implemonting ilia follow¬ 
ing relations 

= sill0)11 |£/n,castot| UnCOscot 

The block diagram of the model for a nonsinusoldal voltage gene¬ 
rator is shown in Appendix 111. The harmonic spectrum varies on 
applying to power units PUi and PVj the voltagxo Uj (1) = 
— I t/p, sin oil f sin (rot + ip) and Uj (t) = | cos wt | cos (at + 
4- ip) as a result of changes in the phase engie ip fsee 
F^. AT). 

A nonsinusoldal voltage generator illustrated in Fig, AS (Appen¬ 
dix HI) gives a step wavefonm of the voltage specific to that of pul¬ 
ses drawn from sejniconductor converters. Fig. A9 shows the block 
diagram of an autonomous inverter with pulse-duration modulation 
(r‘DM) and pulse waveforms at the generator output. 

As seen from Fig. A9, the auiplllier / gives different-polarity saw¬ 
tooth pulses Ug which go to the input of the adder S to ho compared 
With the sinusoidal voltage Ug. Tlie control element here is a polari¬ 
zed relay whose contacts shape different-polarity rectangular 
pulses Ug modulaled in width (duration). Applying a lime-varying 
pulse voltage Up = ^U„, sin at to the stationary contacts of P/f, 
ooablos the circuit, to cany out the umplitudo modulation too. Tlia 
pulso waveform f/p set up by the relay tPR^ then Corresponds to Itio 
waveform of the pulse drawn from the single-phase PDM inverter. 

In Fig. 5.4 is shown tho relay-diode circuit diagram with two 
polarized relays jPff, and PH, and two diodes and which 
can simulate the operating modes of an amplitude-controlled thyris¬ 
tor drive. 

The block diagrams of llip models for converters, whidi are built 
up from standard computing'blocks of a differecitiai analyzer enable 
a rather faithful reproduction of the typical pulse waveforms at the 
output of a magnetic amplifier, bridge inverter, autonomous PDM 
inverter, and thyristor convertor. These models are rather easily 
Bet up on an analog computer and aro reliable over the frequency 
range between 0.1 and 10 Hx, The models allow for a variation of tlu> 
freqnency, amplitude, and harmonic spectrum of the output pulses. 
They enable a fairly accurate simulation of the steady-stale and dy¬ 
namic performance of an dectromechanfeal BC. 

Digital compulora offer much greater posaibilities of solving the 
equations associated with nonalnuaoidal asymmatric voltege supply. 
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For the solution of Gqs. (5.1) through (5.6), the numerical Runge- 
Kutta technique is most popular. In handling the equations, it is of 
importance to make the right choice of the step of operotions, for it 
determines the time and accuracy of compulation. 

The program.s for the calculation oE both static and dynamic cha¬ 
racteristics of an energy converter supplied from a nonsinusoidal 
voltage source are witlcii by e.vporienced programmers. In wide use 



Pig. 5.4. Rplay-diode circuit diagram of a thyristor cell 


are standard programs for expanding the curves into a harmonic se¬ 
ries, delerniining the effective values of hannonics and their initial 
phase. The equations are solved for both two-phase and three-phase 
machines with and without regard to the niulliports connected to 
the stator and rotor. 

Of great significance is the estimation of static characteristics for 
machines with nonsinusoidal voltage supply. By use of the voltage 
equations expressed, for example, in a-|I coordinates, the calculation 
of currents is done for various angular velocities of the rotor. 

For the steady-slate operation, the mean value of torque over a 
period is 



(5.7) 


where T is the period of voltage of the fundamental harmonic. 
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If the harmonic components of the stator and rotor currents 

i(0 —^8+Sl'^HinSiii(pui4-(p^)] (5.8) 

are known (where denotes integers)^ then, after substitution of M, 
into Eq. (5.6) the torque due to each harmouic is found. The torque 
ia then defined as 

(5.9) 

u 

where the torque due to the constant component i$ 

(^p/2) M (/Jo^Po — f^po^ao)j (5.10) 

The torque due to the pth harmonic in terms of tlie active and re¬ 
active components is given by 

M= (inpl2) M (faw^Suo fpM'-^onr) (^-^l) 

Here the subscripts a and r respectively identify the active and reac¬ 
tive current components for the pth harmonic along the a and ^ a.<ces 
for the stator and rotor. 

If the positive- and negative-seqnence stator and rotor current 
components along the a and ^ axes are present, then, omitting the 
subscript p, we get 

fo = = (ip.a + /«,«) + / (h.r + fn.r) 

= 4. +j/ar (5-12) 

fp ~ — (h,r — 4.).) + / (4,0 ~ 4.o) 

= 4a + 

where the subscripts p and: n denote the positive- and negativa- 
seqnonce current components. 

Substituting (5.12) in (5.11) and performing transformations, we 
have ' 

- Af.oo (5-13) 

For each harmonic, the expression for torque includes the symmet¬ 
ric positive- and negative-sequence components. 

The po'A'er at the shaft is 

I •* 

where the power of the constant component, disregarding additional 
losses, is 

Pto = (n/9.55) M,o (5-15) 
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and that for tlie filli component is 

P%x. = («/9-55) yi/ey (S.16) 

The active power absorbed in llie machine is given by 

^i = ^io4-2«e'S^ (5-17) 

s 

where P, „ is tite dc power received from the bits; the addend is the 
ac active power; and is the total power of tlte pth honnoiiic, the 
expression for which takes the form 

S (7>pJpt.) (5 18) 

m’+mr 

wlitch is the sum of complex powers' of the stator and rotor phases. 

For symmetric machines the expression for in terms of symmet¬ 
ric current and voltage components assumes the form 

5, = m {U’X + 7 ;-p U'X+U'X) (5.19) 

The power factor is 

cos tp = (5.20) 

In dealing with nonsinusoidal voltages, Ihe power resulting from 
distortion makes the evaluation of Si impossible- Account then 
should be taken of cos >p for each harmonic; 

cos ifn = (5.21) 

The notion of cos ip, introduced for the steady-slate action at a 
sinusoidal voltage, relates the active power to the reactive power. 
The angle <p defines tlie phase shift bptween the voltage and current 
on the pliasor diagram of Fig. 2.4. Tlie concept of reactive power 
that bolds for the steady-slate coodiliuiis does not work w'ben con¬ 
sidering the Iraiisienls at nonsinusoidal voltages. 

From the dynamics viewpoint, the reactive power is dofinabie as 
the power spent on producing magnetic fields. As regards transients, 
the active power taken from the bus transforms into the reactive 
power which, in turn, converts into the active power generally given 
off os heat in the machine and its loops where currents circulate. 
The description of these complo.x energy conversion processes by 
cleclromecbanical equations presents difficulties .since a few rather 
complicated and approximate mathematical models must be set up 
in handling each problem of interest. It is therefore impossible to 
define and measure accurately the reactive power, so there is more 
sense to deal with the instantaneous values of voltages and currents 
and their products, i.e. instantaneous total powers. 
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The efficiency in the motoring mode is 

Ti = l\/Pt (6.22) 

and that in the generuLing mode ia 

n = PJP, (5.23) 

111 the simulation studies of dynamic cliarnctei’istios, a digital 
computer solves Eqs. (5.1) through (5.0), commonly for three to five 
haimooica, i.e. equations of the 13tli to 21sl order. The solution of 
equations on modern digital computers takes only a few mLnutos. 
The programs designed foe the purpose and run on a computer enable 
the investigator tp analyze the effect of llie amplitudes and phn.«c9 of 
liarmoiitcs, determine the loss dim to each hariuouic, and study the 
effect of parameters ou the dynamic behavior at nonaiiiusoidal vol¬ 
tages on the t.erininals. 

Comparing the stariing curves for a motor run from sinusoidal and 
nonsiiiusoidal voltage supplies, we should point to an increased fluctua¬ 
tion oj currents, torques, and Speeds in its operation from the nonslnu- 
soldal voltage circuit and also to the dependence of the course oJ a tran¬ 
sient on the starting torque. 

The studies of transients on digital computers reveal that induction 
motors fed from a rcctangular-puiso voltage source show almost a 
twofold inernase in the uo-1qad current as against that observed in 
operotion on the sinusoidal vpltagc. The efficiency of control inolors 
may drop by 20 to 30 percent. The energy characteristics of general- 
purpose motors deviate from the nontinsl by 10 to 15 percent. 

Consider in brief the operation of an energy converter whose win¬ 
dings are fed with sinusoidal voltages at different frequencies. 
Impress the voltage at frequency ft on the a phase and that at /j 
on the p phase. The uir gap will exhibit tour fidds; the forward and 
the reverse field produced by the a phase and the same set nf fields 
produced by the p phase. Foj; the analysis of energy conversion pro¬ 
cesses, we can uao the model df the four pairs of windings distributed 
on the stator and rotor and the system of equations of the 17tb 
order similar to (S.f) through'(5.6). Note that the energy characteris¬ 
tics here are much poorer thap they are in the case of a circular field, 
but in other respects the energy conversion processes ere similar to 
those involved in nonsiiiusoidal supply. 

It is sometimes useful to employ the above-mentioned supply cir¬ 
cuits for decreasing the number of static frequency converters; a 
machine operates with its one phase connected to the supply line 
and the other to a frequency convertor. Elscirlc drives are often mads 
to operate in the condition of dynamic braking, in which ease one 
nf the motor windings receives its excitation from the dc source 
durbig the transiont process. 



S.3. Th» Induction SyilaiTt iOS 


An energy convert.cr can be built ao lliat its field anguinr velocity 
would vary with the amplitudes and phases of field harmonics and 
the rotor would pass from one synchronous speed to anotlior wltl> 
ctianges in the hoMnonic spectrum. This would enable efficient anga- 
lar velocity control. But designing of'aucb n machine involves con- 
sideiablo difficulties and necesaiutes controllable frequency con¬ 
verters. It fa theoretically possible tr) vary the amplitudes of harmo- 
uics in a regular fashion to enable a iinaar variation of the field 
velocity and the desired control of EC parameters. 

5.3. The ThYrislor Voltage 
Regulator*lnduction Motor 

At present there are e-sscnUnlly two approaches to solving the prob¬ 
lem involved in the dovolopment of n controllable induction motor 
drive. The first totally relies on the use of thyristor and transistor 
frequency converters and the second aims at perfectltig the technl- 
quD of induction motor speed control by regulating the voltage with 
the aid of thyristors (silicon controlled rectiliors, SCR). In control¬ 
ling the angular speed through changes in tlie slip, an electric drive 
shows poorer energy choriicteriaiics because the slip energy Is lost 
as heat in the motor. But since the circuit versions here are .simple io 
design, relinblc, and feature good controllable proportios. tboy find 
use in motors driving fan-type load torques, such us drives for comp¬ 
ressors, fans, and blowers, and elso in drives subjert to control over 
a narrow speed ratigo. 

The circuit diagram under discussion is similar to that for an 
induction motor drive complete with saturable reactors siuco the 
adjustment of the thyristor conduftion angle leads to n change and 
additional shift in tlia first hannonic of the motor current with res¬ 
pect to the line voltage. In other words, eacli pair of thyristors connects 
ed in parallel opposition (Fig, 5 5) can bo regarded ns a Ifctitious 
nonlinear reactance that is n function of the thyristor conduction 
angle and the motor paranielers and slip. Thyristors de.sigiiGd for sta¬ 
tor voltage regulation offer a niinib'ef of advantages over .seturablo 
reactors: thyristor voltage regulators (TVRs) are practically inertia- 
less, have a larger power g.iin, higher efficiency, and are smaller in 
siic and mass. To make the use of TVRs inoro effective requires ex¬ 
tensive studies into the transients, th.e oflecl of upper harmonics on 
losses, overvoltages, etc. 

The theoretical analysis of the TVR-induction motor systems pre¬ 
sents certain difficuUiea due to a riuniber of factors. Auioiig these 
we should mention the nonlinearity of currant-voltage rheracleristica 
of .snmlcondijclor rectifiers in the dynamic and quasi-steady stales, at 
which an electric drive is found to lie in sequenti.slly changing Iran- 
aitiit conditions i-usulting from the continuously varying switching 
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of the motor supply circuit. The systems of nonlinoar nonhomogene- 
ous differential equations describing an induction machine In the 
conditions of symmetric and asymmetric voltage supply to stator 
phases vary In form. 

Because of the uncon^ollable behavior of diodes and incompletely 
-controllable operation of thyristors, the output charncteristics of a 
TVR (the conduction angle, voltage waveform) prove heavily de- 
ipendent on the electromagnetic transients in motor. In other words, 



Vig- 5 . 5 . The reversible thyristor supply circuit lor an induction machine 

'the voltages supplied to the motor are dependent on the thyristor 
■conduction angle, parameter's and angular velocity of the motor. 

A substantial deviation of the waveform of voltage at the motor 
terminals from the sinusoid causes high-frequoncy fluctuations of 
the electromagnetic torque and nonuniform running of the motor in 
Ihe steady-state operation. 

The equations of the mathematical model for the simplest ver¬ 
sions of the system under study ai'O ossentially solved on analog 
computers, fn solving the differential equations for an induction 
motor on an analog computer, special requiremonLs are placed on 
the notation of equations oqd, the choice of variables. This choice 
should be undertaken with due regard for both the process subject to 
the analysis and the factors delermiuing the accuracy, capacity, 
and reliability of the model being set up. The simulation of the 
TVR-induction motor system.on an analog computer requires special 
units to be built into the computer to simulate the discrete character 
•of TVR operation. The simulation of induction motor performance 
with consideration for changes in the parameters due to saturation 
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and current dieplacemont necessitates additional units to perform 
multiplication and to acuuuut for nonlinearity. The instability of 
analog-cnnipiiter solutions due to Iho limited accur.acy of computing 
amplifiers and the extroino dilfluulty of setting up Ihe universal 
models liave stimulated ihe evolution of techniques for the analysis 
of thyristor drive characteristi« on digital computers. 

Consider the solution to this problem on n digital compulor in 
more detail choosing for the purpose tho reversible thyristor-type in¬ 
duction motor drive circuit diagram of Fig. 5.5. Specifying various 
moments al which the trigger pulses of definite width are to be sent 
to the gates of thyristors, we can evolve various control circuits. 
Thus Id obtain a nonreversiblo circuit diagram with two thyristor 
cells, the moments al which the pulsss go to thyristors Cl and C2 
should be equal to zero (tci = fes = P) and the width of these pul¬ 
ses should he infinitely large, Ap, Acs = To remove rever¬ 
sible thyristor cells from the circuit, it la enough to keep them in 
the off-state since n thyristor driven into the nonconducting condi¬ 
tion in effect breaks asuboircuit. For this the lime fp, = tp, = tp, = 
= tp 4 should be taken infinilu assuming that over the time period of 
interest no trigger pulses arrive al llio gales of thyristors PI, P2, 
PS, and P4, so they stay off 

In developing an algorithm, we assume that the set of line voltages 
f^As. VBE, and Uca a.symmelric. For convenience, label the 
line voltages with other subscripts: C/ab = f^xn nc = ^ ah 
and U cA ““ 

Setting N = A, B, and C, we can proceed further with the genera¬ 
lization for the line voltage, U Line voltages vary arbitrarily with 
time, which enables us to consider the characteristics of the motor 
run nn the nonEinusoidal voltago supply, too, delivered hy various 
frequency converters. For the case where thyristors control Iho stator 
voltago, we assume that tho supply line exhibits a sinusoidal asym¬ 
metric set of voltages: 

Ui,-,=Y2U^,8in(<oi-{-Vift) ( 5 - 24 ) 

where (p.v( is the initial phase of line voltages 

( <Pa( = <Pao at = 

TBi = <Piicf at Ar = fl> (5.25) 

'fci = tPcA >*1 A^ = cJ 

To obtain the most fle.vlble model for simulation, control over each 
thyristor must be separate. Thus the conduction angles of thyristors 
1 and 2 are independent of each other and can vary in different fash¬ 
ions to enable the induction motor to run In any of the specified 
operating conditions- 
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To effect the operation of the TVfl-induction motor system in va- 
rmus conditions, it is good practice to lock trigger pulses coming to 
thegate of each JV,th thyristor (i = 1,2) with the con-esponding line 
voltage (Fig. 5.6). To accomplish the end. the conduction angle of 
thyristor is counted off from the *oro through which Uvi passes 
at a certain instant. Thus for the thyristor AJ (N = A i = 1) 
triggered to conduct current in the forwaH direction from the supply 



Fig. S.6, The scheme of applying trigger pulses to drive tbyrieton into conduc¬ 
tion 
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line into the phase winding a, the phase shift ct^, between the trigger 
pulses is counted off from the zero of the positive halfwave of line 
voltage UyiB, and for A2 (N = X, / = 2) conducting in the reverse 
direction, is counted off from iho zero of the negative halfwave 
of Was- 

To estimate the moments at which trigger pulses arrive at thyri¬ 
stors, look into the process involved in the control technique based 
on the comparison between the sawtooth pulse voltage U/^i proportio¬ 
nal to the phase of the corresponding line voltage and the voltage 
proportional to the conduction angle a^- of Jt'j. The equation of the 
sawtooth pulse voltage over the half-cycJe for the fVjth thyristor 
(Ihe intermediate transformations boing omitted) lakes on the form 


Uif f — flit -f- Ujyj (5.26) 

For the entire cycle, Ujf, = [(u« -|- 2n. Here t Is the run¬ 
ning value of lime: ty* = = 2n6,vr (sign tp^,,) 4 « (1 _ i) x 

X sign and 6^, (sign qi^ii) is the unit fiincUon dependent on 
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4lie si^a of llie iuiual phase of lino voltages, q>/,i: 


6fr (sign = 


1 at <Pjv<<0 
0 St (PjTi>0 


Assitoti as the sawtooth pulse grows to a vaJue proportional to 
<*«■ appearing in the real circuit of the control device, a short nega¬ 
tive pulse triggers the biased blocking oscillator which gives a pulse 
of reo[uisito width A to the gate of the thyristor. Therefore, to 
determine the moments t^c ot which trigger pulses go to the gates, 
we should solve simultaneously the ecpiations describing the manner 
of variation of the conduction angles ctyi and also the corresponding 
equations for sawtooth pulse voltages. 

In the dynamic and static operating conditions, the moments at 
which thyristors and diodes begin to conduct are defined by nonli¬ 
near uonliamogeneous differential equations describing the joint ope¬ 
ration of the thyristor voltage regulator and the induction motor. 
At an arbitrary moment of time, the system may be in one of the 
five states; (1) the on-stale of the corresponding thyristors connected 
to the three phases a, h, and c; (2) the on-stata of thyristor colls connect¬ 
ed to piiases 6 and c; (3) the on-state of thyristor colls for phases a 
and e; (4) Iho on-state of thyristor cells for phases a and b; (5) the 
off-stato of all lliyristor cells. For each time interval between the 
two successive actions of switching of thyristor cells, we thus obtain 
the solution of a partial problem; the suughl-for solution involves a 
successive solution of a large numbor of various partial problems. 
According to the basic principle of switching, the initial values of 
currents and flux linkages needed for the solution of the next partial 
problem are taken from the preceding solution. 

For the analysis of a dicuit diagram with its thyristors inserted 
into the stator circuit, it is convenient to use the ot-fi coordiualo no¬ 
tation of the differential equations for un induction motor, which 
contain stator currents and rotor flux .linkages: 


*4 = r,fa -i- aL, (di'jdt) + {LJL,) (d'P'/df) 
i4= r/a + al, {dii!di) -f (CM (dVl/di) 

0 = - r, (CM) fa -1- (rM) + mdt) -i-(3.27) 
0 = -r, (CM) 4 + (rM) ’Fe + (dVlm 
(3/2) p (CM) 

(J/p) (dm^/dt) = jVfjsign WfAf, 


whore 'F4 and are the rotor flux linkage vector components along 
the « and p axes respectively;sign ®,Af, is the load torque of the dry- 
friction t^e; and a is the leakage coefficient.. 
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Using the relation botweeh the instantaneous phase currents i', ij, 
ij (with the total vector componeuts fj, ip) and instantaneous phase 
voltages Mj, uj, u' (with the total vector components ui), after 
simple transformations we obtain 


“m = '"tisa + 


di. 




dt 




+ + <5-28) 

From the set of equations for the line voltages of a motor, wo get 


^aab *= ^^50 




X ■ 

rf (Un “* 

] 

1 3 dV^ Y3 dn \ 


dt 


\ 3 dJ 2 dt ) 

^•ca ^ ^*c 

— «.o='-. 


-»a) + 

X • 

d liic tga) 

[ . f'm 

/ 3 d'v'^ ,/S 


dt 


\ 3 dl 2 dt 


w.bc = w.6-a„= r. +^^ 2 , <<(*»>-‘V) ^ 

The expressions in terms lof Jine voltages are convenient for the 
analysis of thyristors operated from the asymmetric voltage supply. 
For example, the equations for a throe-phaso squirrel-cage induction 
motor with thyristors operating in the stato of threo-phase conduction 
i4.SC have the form 

^sab lit ^i6c “ ^ BCt ^»ca " ^CA 

Noting that the sum of lino voltages is zero (in the case of asym¬ 
metry too) 

^AB + UcA = 0 

the sum of lino curi-ents is also equal to zero: 


+ t,b + 
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lift 


Omitting intei'mediate transformations, we write the expression' 
for stator circuits in the form > 

= (2iiAB + KbcV3 =• 'r,i,a + aL, (dtjdl) 

+ (LJLr) {d^'Jdt) (5.30> 


2Knc —“Afl 
U.f.-g- 


r.i.6 4ai.-^ + - 


^ ^ 2 dt 2 dt ) 

— 2»bc+»ab _ 1 I _T I 

»«=-5-- VM + Oi'j-rfJ- + - 


1 

dv; 

t/s 

2 

dt 

2 dt 1 


(5.30> 

(5.31> 

(5.32). 

Eq. (5.32) can be discarded since for the phase c we have 
Uae “ '(Mta ‘.f’ ^ (fjo ^sb) 

For rotor circuits the equations assume the fora 

0 = -r, (LJL,) i.a -F (rr/L,) dV'Jdt + (5.33F 

0= /„)/V3!4-(r,/Z,,) ^ 

+ dVs/dt—(5.34), 

The electromagnetic torque equation is given by 

=4 p -ir [ 

A similar approach is appropriate in deriving the equations for the 
induction motor with thyristors switched to other modes of operation. 

Figure 5.7 shows the schematic diagram illustrative of the way of 
connection of the stator windings to 'the supply line via series-con¬ 
nected thyristor cells. When one of the thyristors in a thyristor cell 
TC is held in the conducting state (tjhe switch is on), the thyristor 
cell resistance is close to zoro; when it goes to the nonconducting 
state (the switch is off), the thyristor cell ha,>! a resistance extending 
to Infinity. 

By Kirchhoff's second law 

t^Bc "F leflc — a = 0 

»CA + fa^A — «.ca — ic^c = 0 (5.36). 

From the set of equations (5.36) we can determine currents and! 
tlien voltages in thyristor cells: 

, Tt — «inS>—(UCA — ««a) ^aUb /c 0 ^\ 

Ur A = --/lAfle-FrtA«s + «c/?8- 
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Similarly, we can define Uj-o and Uj-c- The equations tor u^a, 
Uj-B Urc permit us to determine the voltages across thyristor 
cells operating in any of the slates of conduction, These voltages are 
necessary for formulating the programs to be run on digital com¬ 
puters. 

In developing a mothematical model for the simulation on a digi¬ 
tal computer, it is desirable that the model should most closely 
approximate in structure the real circuit of tlie thyristor drive under 


“ta 



Kfg. 5.7. The schematic diagram of a TVlt-inrinclion motor system 


investigation. In circuits whore thyri.alorS connocLod lo any of the 
phases operate independent of tho other thyristors (for example, in 
the star-connected three-phase stator-winding network with the neu¬ 
tral), the following logic function corresponds to the operation of 
each Nith thyristor: 

here the function corresponds to the voltage across a thyristor; 

corresponds lo the trigger pulse on the gate; and Y corres¬ 
ponds to the current through tho gate; the multiplication sign deno¬ 
tes a logic AND (A) operation, and the summation sign a logic 
OR (V) operation. 

The logic functions Xf-^i 8''® equal lo unity if the 

corresponding voltages and currents in a thyristor are positive; they 
are equal to zero if these voltages and currents are negative in sign. 

in three-phase networks with the isolated neutral wire, all thy¬ 
ristors operate in an interrelated fashion. Assume the system stays in 
the stale of xero conduction. Find the logic function indicative of 
switching of the thyristors to the state of three-phase conduction 
ABC. Only definite triplets of thyristojs can horo hinction simulta¬ 
neously—two conduct current in one direction and the third conducts 
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in the opposite direction: 

^0> = ^ DI^CjZaiZbiZc, H- Oi^Ct 

+ ^Ai^Bi^ci^Ai^atZci * 1 - ^ At^ Di^ci^Aa^ aiZci 

+ XAsX B^XciZAtZ BsZCl "f" yxs^Bl'^Cj^'A!^ Bj^ca (5.38) 

[(the system operates in the ABC mode and the gates do not 
change state, the logic function for this condition of operation has 
the form 


^S 3 — ^Xt^ ai^CS Bi^Cl "t" ^Al^ Bt^ c* 

+ azYbi^ci ■!■ ^Aj^Bi^ci ^^As^^ail^cs (5.39) 
Id Eqs. (5.38) and (5.39), the functions X are logic functions 
wliicii correspond to voltages Uff, and are found from, the above for¬ 
mulas for voltages across thyristor cells. Thus, if u^a > 0, Xai = 
= t (>f A» = 0); If Ur A < 0, Xa, = 1 (X^, =. 0); if f„ > 0. Kai = 
= 1 (Ka, = 0); if i„ < 0. Va, = 1 {Yai = «)• 

If the thyristors enter the zero-conduction region and the fun¬ 
ction j4o 3 is equal to zero, so that none of the thyristor triplets swit¬ 
ches on, we need to know whether the thyristors turn on pairwise: 


^•1 ^ X BjZAlZB1 + X'aiXcsZaiZci 

-j- XajX biZajZ Bj -1- XaiXcjZasZci 

4" X g^XciZBiZct 4- X BzXciZ BiZci (5.40) 

When = 0, the system may go from the zaro to the two-phase 
conduction mode. Assume, for cxaraple, trigger puiscs arrive at A1 
and B2 so that Uta > 0 and Uy b > 0, but Uta b ~ ‘^ta — «r a > 
> 0. The system then switches from the off-slnle to the stale of Iwo- 
phase conduction. Cooscqucnlly, apart from the function Aqi defi¬ 
ned by Eq. (5.40), we must consider an addilional logic function 


®oa — -XabZaiZb, -(- Xac^ai^cs 4- XbaZbiZaz 

4" XcaZciZaz 4" XaaZ BiZci 4- XcbZcjZbj 15.41) 


where Xa b = 1 if X ba = 1 (Xab = 0). At u^a b < 0, X ba = 
= ■* (XAB = 0)i and so on. 

The logic function describing the condition at which the thyris¬ 
tors arc driven on for the two-phase conduction has the form 

A** = PaiPbi 4" PAiilca 4“ UasHB i 

4" yAtVci 4' yaij/ra 4* Pesi/ci (5.42) 

Thus, from the above discussion the following conclusion can be 
drawn. 


8-an7B 
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For ihe ihiee-phase conduction mode there corresponds a logic 
function 

C 3 *= *4113 -t- 4,^ 4- ^4^3 (6.43) 

The logic function for the state of two-phase conduction is 

Cj = (-4 o3 AfifBoj -j- C* (5.44) 

whero C 3 stands for the negative functiona of Ci', at C* = 0, Cj = 1 
and ai C 3 = i we hovo C 3 0 . 

The function for the state of zero conduction is 

Co = CjC, (6.45) 

The above logical analysis enables us to pass from one set of diffe¬ 
rential equations to another depending on the state of conduction 
of thyristors and diodes. 

The algorithm for delerni(ning the slate of thyristors is so chosen 
as to carry out the sequential analysis for the time intervals over 
which the pulses on all thyristors remain invariable. The system 
can change state over the given length of time if a thyristor turns on 
(as Ut on the gate changes sign) or a thyristor cell turns off (as W>r- 
rent changes sign). Tho swirening moments are sought and the cor¬ 
responding values of varinblo^ are found by dividing the Integration 
step in half down to ^mm = fO'" s. fhen the linear interpolation is 
performed. 

As the pulses die uut or new ones emerge, aaother criterion is set 
up to determine the presence of pulses on thyristors; the above-descri¬ 
bed method is then used to define the state of thyristors and to con¬ 
duct tho logical analysis of their operation. Based on this calculation 
technique, a generalized routine is written to analyze the dynamic 
and sialic performanco of the given system on n digital computer for 
any character of changes in the conduction angles of thyristors. 

5.4. Pulse Electromechanical Energy 
Converters 

Electromechanical dc and ac systems belong to the continuous type. 
There are discrete electromechanical systems where the conver¬ 
sion of energy proceeds by way of the pulses of electromagnetic 
power. The last few decades have seen a considerable advancement 
in the area of discrete electromechanical systems. 

Pulse energy converters operate both in the motoring mode (step 
motors) and in the generating mode (pulse generators). Step motors 
transform voltage pulses into discrete angular motions or stepwise 
linear displacement and piflse generators produce powerful current 
pulses fed to electrophysical setups. Step motors have a small pow¬ 
er, usually up to a few hundreds of watts, and puLso generators are 
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gcnaraJly built to give a liigh output, up to ton.? of megawalle in a 
pulse. 

A step mottij- is made complete with a cOiiimuiatiiig arrangemejit 
and designed to carfy o load on tho rotor shaft, For each motor tlicre 
IS a definite switching frequency at which ile rotor follows in step 
a varying field in the air gap. This frequency is known as a response 
frequency determiued by the entire system comprising the somicoi^- 
doctor commutator (pulse goneratoc) and the step motor, and also 
by the load on the shaft. 

Most step motors are multipolnr multiphase synchronous machines 
ill which either gmiipe of stator windings or each winding receives 
unipolar or two-polority pulses. The rotor revolves nonuniformly 
within the entire angle of revolution as it follows the stepwise dis- 
plar.emonL of the magnetic field. Tho motor incorporates special 
means or provision is made in the motor design to fix the rotor in a 
definite position to register llie response. Changing the order of 
arrival of pulses, it beenmea possible to alter the sonse of rotation of 
the rotor and thus sum up the positive and negative pulses in the 
form of anguleu' deflections. 

Stop I'loctromor.banical sj’Bteins, like all alecLiio machines, are- 
convertible. They can act as sources of low-power pulses. An impor¬ 
tant task !a to produce high-power pulses up to 100 kl with a sleep 
loading edge nnd a high repetition i-ate> or pulses of a definite wave¬ 
form - 

Pulse generators must store energy in the form of the kinetic ener¬ 
gy of rnialing inomber-s nnd in tbo form of the energy of the magne¬ 
tic field. On the one hojid. a piilso generator must be capable of 
coiitrollfng the energy stored and, on the other, must have a small 
time constant to prodnea desired pulses. I'heso ore confliciing j-e.* 
quiromenU from tbo viewpoint of electroniochanics. 

Difficulties often nrise iri designing a mognatir-fiRjd type pulse 
generator adequate to tho roquirernents imposed on it. It i.herefora 
makes sense to ro.«ort to pnlso generators of the electric-field and elec¬ 
tromagnetic-field types. Snporcondnoting magnetic systems offer 
much promise as devices for storing large energies in the magnetir 
field. 

Tho approaches and uqualion.s applied in the analysis of ordlnary 
eiiergy converters also hold for the studies of electromechanical ener¬ 
gy conversion processes in pulso enorgy ronvortors. The form of eqn.-i- 
Uons for pulse voltages remains the same as for sinusoidal voliages, 
In the simulation of step motors it is common toeimplll'y equations 
so as to take into account the charactor of load and tJie fnfornnl re¬ 
sistance of tho supply source, 

CuTitinuous sinusoidal supply voltages can he lliouglit of as ar> 
iafinitely long train of pulses varying in ampliliide. .As the Vultage- 
deviates from the sinusoid, tho rotor revolvia at ii nonnniform angii- 
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lar speed; tKe motor having a rtofiiiile form of the field diaplacing in a 
definito manner is a slop molur that translates control signals into 
the desired anglos of revolution. So, as montioned above, the same 
equations and the same laws hold for describing conventional pulse 
gonorators and motors. Also, the approaches discussed in the prMont 
book work for the analysis, of the peiTorraance of these machines. 


Chapter 6 

Multi winding Machines 

6.1. The Equations of Mullfwinding Machines 

AIL electric machines can be regarded as muUiiulnding {multiloop) 
machines. The magnetic cores of electric machines goneralty davolop 
eddy curronls which should be taken into account in the analysis 
of electromochaiiical enurgy conversion processes. Most of the real 
machines liave a few windings. An electric machine having 
one winding (i-e. two phase windings) on the stator and one win¬ 
ding (i.e. two phase windings) on the rotor is a primitive macliine 
adopted in the analysis practice, the construction of whicli calls 
for a rather large number of constraints. 

Synchronous machines hove a damper winding and a field win¬ 
ding on the rotor. Disregarding eddy current loops, the model of a 
synchronous machine carries one winding (two phase windings) on 
the stntor and two windings (four phase windiiig.3) on the rotor. 

A dc machine has wlndihgs of commutating poles (commutating 
windings) and a compohsatiitg winding; its field winding may con¬ 
sist of a coil of shunt (parnllol) excitation aud u coil of serios excita¬ 
tion. With allowance made for eddy current loops, the dc machine is 
a three- to five-winding machine. A cruss-field control generator 
has a control wnding consisting of a few coils. 

Industry produces induction machines with two windings on the 
stator aud two or tliree »vindings on the rotor. These are miJtiple- 
speed niachirres with pole-pair changers, which constitute a wide 
class of double squirrel-cage machines. 

A deep-slot machine can also be classed with multi winding ma¬ 
chines if we consider that a few parallel-connected conductors over 
the slot height form several loops. In the process of starting of an 
induction motor, the current spreads out nonunltormly over the slot 
height because of its displacement. This fact can be taken into ac¬ 
count by solving equations for n parellel-conoenled conductors placed 
on the rotor. 
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A stator winding is often built up of a few parellel-connccted 
conductors. Solving the equation fori a itiiiltiwinding machine, we 
can allow for the nonuniform current distribution over the condu¬ 
ctors, if this is the case. 

Electromagnetic converters, i.e. transformers, are built with two 
or three windings. They are also miiUiwinding energy converters 
if eddy current loops are taken into account. 

In Sec. 3,2 were given the equations for a hypothetical m-n win¬ 
ding machine. As a particular case, we can use these equations to 
formulate the equations for any muUiwinding machine met with in 
practico. In the equations describing the processes of energy conver¬ 
sion in multiwinding machines, mutual inductances dotermine the 
link between windings, each winding being assumed to exhibit a 
definite magnetic leakage. The electromagnetic torque is defined as 
the products of curronts entering into the equations. Under these 
conditions, Eqs. (3.3) through (3.i2) are the equations of multi- 
winding machines. i 

6.2. The Equations of Synchronous Machines 

Synclu'onous machines, both salient-pole and nonsalient-pote types, 
should be treated as multiwinding machines having an armature win- 



tig. 0.1. A synchronous machine 

10 ^ — oritiAtufc winding) ^{{4 ^ docuper wlnd'njjsi —Xifild wliidiiig 

ding, jield winding, and damper winding as shown in Fig. 6-1. In 
the simplest case, a synchronous machine is a threo-winding machine, 
its model being rcpi'csented by si.x phase windings. 
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It is customary to express the equations for a synchronous ma¬ 
chine in the system of tUq coordinates rigidly connected to the rotor 
structure. For a machine with transformed windings we write down 
the following equations 

Ua = dVJdt — + raid 

tt, =3 dVgIdt + + Tof, 

u, =. dV,/dt + r,t, (6.1) 

0 = d}V gjdl + rditdd 

0 = d'V dqldt + rdqidq 

Here Tq and r/ are the resistances of the armature and field windings 
^pectively; and r^q are the resistances of the damper winding, 
i e. two phase windings along the direct and the quadrature axis res¬ 
pectively; Ud and Uq are the voltages across the armature winding, 
i.e. two phaM windings along thed and q axes respectively; and Uf is 
the voltage in the field winding. The magnetic flux linkages for the 
windings are given by 

'f'd ^ ^dfd + H* ^adidit 

^^aqidq 

V/ = Lfif -f -|- Mqttidd (6.2) 

'^dd =” ^ddidd + J^fadid + i^adh 
'Vdq = d" jWnqpiq 

Here Ld, Lq, L/, Lddt and Ldq are the inductances of the armature, 
field, and damper windings respectively; and Mqd «nd Af,, are the 
mutual inductances of the windings along the d and q axes. The as¬ 
sumption is that the mutual inductances betweeri the windings lying 
along the same axis are identical, while the leakage inductancos of 
windings are different. 

The electromagnetic torque is defined in terms of currents and 
flux linkages 

M, = ^diq — (6-3) 

or in terras of currents 

M, = M (ifiq -f Iqidd — ididq) (6.4) 

The equality (6.4) is written for a nonsalient-pole machine. For a 
salient-pole machine, the equality includes a component to allow 
for the difference between the permeances along the d and q axes. 
The products of damper winding currents and currents id and lq 
give rise to an asynchronous torque. In the steady-state conditions 
these products are responsible for rotor hunting. 
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The equations fur a syncbronoua machine can be derived from the 
equations for the generalized energy converter if we assume that the 
armature winding rotates and the fi,eld and damper windings are 
stationary (Fig, 6.2), It is advantageous that the malhematioal mo¬ 
del should have a miniioum number of rotating windings since the 
simulation will then require a fewer multipliers. The transformation 
of windings to the armature win¬ 
ding should be done in the same 
way as for an induction machine. 

In modeling synchronous ma¬ 
chines it is more judicious to use 
per*unil units. The basic quanti¬ 
ties are taken to be the angular 
velocity (na — cD,, stator current 
h = ^m.p», and voltage w* = 

=:u„^pn- We then have the flux 
linkage V* =• Ui,/iOi, impedance 
and inductance= 

= S4/t0e = Uj/itiUa- H.erejlfoi=> 

S t o —* ^ d 

Ltq = aTy. = Xf^ “ ^dd* 

*“fnmo’deTing''p'3i-uianent-mBgnet 6.2. ThaomMofa syoohrouous 

synchronous machines, the degree ' 
of excitation of 0 magnet is de¬ 
fined as the product of current /« times the mutual inductance of 
the armature winding and the fictitious current of the magnet. Per- 
manenl magnets are represented by an equivalent Inertialess and 
lossless loop supplied from a dc source (see Appendix I, Fig. A6). 

What complicates the simulation uf synchronous machines is a sa- 
turaliott-induced change in the parameters with load- In eallent- 
pole machines, the displacement of the field nxi.e with respect to the 
axis of poles adds still more to the complexity of the model. 

The transients wore given treatment first in synchronous ma¬ 
chines .■\s far back as the late l920a Park and Gorev formulated Eqs. 
(6.1) wluch now beat the names of Park and Gorov. The need for 
the study of transients in synchronous machines arose in the course 
of development of power supply systems; the aim was to Investigate 
the effect of the emergency operation of one machine on the stabili¬ 
ty of parallel operation of other machines. Since computers came 
into being much Later, it was impossible to solve Eqs. (6.1) for the 
case of a varying angiJar velocity. The only way out was to simpli¬ 
fy the initial equations to describe the main events determining 
the behaviour of o machine in conditions considered most important 
from the practical viewpoint. In performing the analysis, 't was 
necessary to define a set of parameters characluritiiig the machine 
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operation. The focus of altelntion was largely on transients in the 
conditions of suddenly apfilied short circuits. With three-phase 
or asymmotric short circuits placed on stator windings, the surges 
of currents in the ^vi^dings may exceed 10 to 15 times the nominal 
values. I 

In solving Eqs. (6.1) without the use of a computer, the armature 
winding resistance is usualljj taken equal to zero to make flux lin¬ 
kages constant. This .assumption facilitates the solution to the prob¬ 
lem, but leads to an inconsistency of the analysis and to a number 
of contradictions. 

A short-circuit Irnnsiont process includes several stages. If a ma¬ 
chine has a damper winding^ the first stage is determined by a di¬ 
rect-axis subtransient induritive reacianco 

_ 1 _ 

^ j. ^ i/xaiu 

where is the leakage inductive reactance of the armature win¬ 
ding; 'aTad is the direct-axisl inductive reactance of the armature; 
Xg) is the leakage inductive Reactance of the field winding; and Xbaa 
ia the direct-axis leakage inductive reactance of the damper winding. 

The peak short-circuit current here is 

where is the peak phase cmf. 

The second stage of llie short-circuit transient starts at the instant 
when the art-iature flux passes through the damper winding and be¬ 
gins to traverse (he field wiriding. This condition of (he machine is 
defined by the direct-axis ttansient reactance 

The steady-state short-circuit current is a function of the direct- 
axis inductive reactance 

®d ~ ^at "t" *«d 

and is equal to 

tli = Ejxa 

The effective value of shoH-civcnlt current is found from /JJ, the 
transient and suhtransient short-circuit curroiit. The decay of the 
transient current Is defined by the direct-axis transient time con¬ 
stant T'a and that of the sublransiont current by the direct-axis sub- 
Iransienl time constant JJ,- Hoie > T‘^. 

On the curve of the ahort-cirauit current we can single out a period¬ 
ic and an aperiodic component. The aperiodic component dies away 
with the armature time constant Ta which depends on the armature 
inductive reactance and armature resistauce. 
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The aperiodic componeols of arinatare winding currents produce a 
field that is stationary with respect to the arnoature, therefore quad- 
raturc-nxis loops also take part in the transient process. Considera¬ 
tion is then given for the transient and subtransient inductive reactan¬ 
ces along the q axis. 

The g-axis suhtransient inductive reactance is 

_ t 

^ t/^av+l/*r] 

where ia the g-exis armature reactance; and Xoi^ is the g-axis 
leakage reactance uf the damper winding. 

The g-axis transient reactance is ' 

X^ — Xq^ X„^ = Xq 

The aperiodic component of the armature current oscillates at a 
double frequency between the ctirrehls 

and 

This analysis of coinple.x processes In a aytichrojtous machine calls- 
for many assumptions. Neverlhelesa, it discloses well (hu physical 
processes and gives sufficiently accurate results. 

In the analysis of the static and dynamic stability of the parallel 
operation of synchronous machines, wide use is made of linearized 
incremental equations. The iiicremonls of variables are taken linear 
and the trealmenl is given to the inodes of smell oscillations. 

I'he study of static stability on thfi basic of smalt harmonic per¬ 
turbations is justifiable since in the p'rebJems involved here account 
should be taken of the paranieteis of the supply line and electric, 
machines and transformers operated into the same network together 
with the synchronous machine under'analysis. 

The creation of turbogenerators of a unit power of 1.’2 to 1.5 min 
kVV in the last years and the emergence of mure complex power sys¬ 
tems have raised new problems relatSng to the study of transients. 
in .synchronous machines. There is a need for a more rigorous analy¬ 
sis of transients in asynchronous conililions, at restarting of olter- 
nators, during rough synchronization, and in other emergency con¬ 
ditions of operation of synebronoos machines in the power systems. 

As regards the analysis of transientp in synchronous machines, of 
much interest is the investigation of lorsional vibrations of turhoge- 
iiorator shafts under various emergency conditions witli considern- 
lion for transients in the power aysteirt. In the analysis, iho electro¬ 
magnetic torque and the moment of jnertia are taken (o he distri¬ 
buted along the rotor length- Tho equation of motion is then solved 
slniullaiieoosJy with tho voltage equations. 

A most judicious approach to investigating the dynamics of syn¬ 
chronous inarhine.s is to use computers for the solution of oquaUo/tS 
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io conjunction with traditionally adopted techniques. The guide¬ 
line for the analysis of aalientj-poie and nonsalient-pole machines with 
three rotor windings and tv^o stator windings should envisage the 
use of universal routines to be designed for solving the ateady-state 
and transient performance on digital computers. It is of much im¬ 
portance to test and make t^he right choice of models obtained by 
the method of experimental design. This will open up new possibi¬ 
lities for studying the performance of synchronous machines. 

6.3. The Equations of Direct Current 
Machines 

I 

Direct current machines are multiwinding machines. Most schematic 
diagrams of real dc motors and generators can be transformed to a simp¬ 
lified model such as ilUistrat4d in Fig. 6.2. In the model of Fig. 6.3, 



Fig. 6.3. Electromagnetic couplings in a dc machine 


the armature winding is shown to consist of two symmetric win- 
<Iing5 Wad and Wa^\ the field winding is seen to comprise a separate 
excitation winding w, and a series excitation winding w, on the sta¬ 
tor along the d axis. Shown also on the figure are a compensating 
winding and an interpole: (commutating) winding wi on the stator 
along the q axis. 

It is of convenience to express the equations for dc machines in 
the d-q coordinates, just like the equations for synchronous ma- 
<chine 5 . The simulation on ani analog computer involves the representa- 
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tion of problem variables by direct currents and voltages. Nonlinear 
couplings make tho modeling of a dc machine a rather complicated 
problem. These couplings arise from saturation, q- and d-axis tran¬ 
sient armature reactances, commutating armature reactions, and 
also as a result of eddy current inlluonces. It is impossible tn allow 
accurately for all the above factors, Therefore, in the study of dc 
machines, the open-circuit characteristic is taken linear and the 



Fig, 6.4. The equivalent circuit For a dc machiu* 

parameters constant. But such assumptions do not afford the desired 
accuracy in view of the asymmetry of field (stator) windings. 

Apart from the mutual induclances|.llj„ Mi,, A/to, M,„ and Mt, 
between the windings of Fig. 6.3, the olcctromochanical equations 
must contain mutual inductances Afoqei “f'd M^ife due to the 

j-axis transient reactions of the series lexcitation winding w,, separate 
excitation winding w,, and compensating winding iCc; Maa, 
end Madt <Itie to tho dirQct-a.xis transient armature reactions; and 
Mcc and M„ due to the commutating roaclion of the armature. 

Using the circuit model of Fig. 6.4 and electromagnetic interac¬ 
tions between the windings, for the knnature and excitation (field) 
windings of a generator we write dovt’ii the following equations 

— U( = — Sj.f, -)- 2Au.{, + R'aia + L'a'idldt) la — ilfgQ (d/dt) i, 
u, R', i, + L, (d/dt) i„ — M,p (ji/dl) (6.5) 

Here U( is the instantaneous value of load voltage; is the resul¬ 
tant emf of rotation: Aug, is the voltage drop across a brush contact; 
■ffa = flo + -1- .fic is the armature circuit resistance equal 

to the sum of resistances of tho arraariure, series, intorpole, and com¬ 
pensating windings rospoctively; i, is the current in the armature 
cii'cuit; I, is the current in the excitation winding; L!, is the total 
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arniaturo circuit inductance equal to 

Zia = i/o + Xi, + Li + ic + 2M|, — M 10 

4- 2A/jo ± 2Mo(|, ± 2;V/pj — 2iV/o,^. + 4/o^, 

The lorm in (ti.S) is thcjcoelficient for tlio back mutual induc¬ 
tance between the armature land excitation ciifuils’ /!/,„ = Jt/jj — 
— Maqe- Hct® -d^cj Js the Coefficient for the direct mutual induc¬ 
tance betwapu the armature; and excitnlioii circuits: 

Mti = jVZf, ± 4 / 0 dr ± A/co — 4/(0 4- 4/o,e 

For a dc generator the atigiilar velocity can be considered con¬ 
stant. This enables us to disregard tbe equations of muiiuii and limit 
the analysis to the sulitiion of voltage equations. 

in llie analysis of I lie dyiiiiniic performance of a macliiiie, it is of 
importance to determine correctly tlie emf as a function of cur¬ 
rents and to take into account I lie magnetizing and demagnelizing 
forces. This can he dune by use of the H-H curve, irnnsieiii response, 
and relations 

4/p = C p,, = f^pntDpp* (b-b) 

where C„ and C„ arc the coefficieuls that account for the chaincteris- 
tlr features of the macliiue under anal.ysis: and di,,, is tbe resul¬ 
tant flux determined from Ibo Iran.sienl response. 

The analysis of Irnnsieiit characteristics on an analog computer 
reqtiii'es consinicling a cnrapiicaled mathematical model or necessi¬ 
tates the simulation on a digital computer. 

.Mthough the stnady-state equations for a dc machine are the 
.simplest, the studies on the'dynamic performance of .in asymmetric 
ninchine involve the solulipn of cumbersome nontinaar equations. 

In Appendix I (see Figs. A|5 and A6) are shown the block diagrams 
of models for tlie solution of equations of dc mavhines. 

As mentioned onriier, dc machines differ from sjmclironous ina- 
chiiiDs in that they Iiave cominiUators to rectify llie alternating emf 
generated in the armature windings. A mechanical frequency con¬ 
verter, or commutator, keeps a rigid lie between the angular veloci¬ 
ty and electric frequency, while a semiconductor frequency conver- 
ler may afford n flexible tic. 

De.spitc the fact that synchronous m3cliine.s have much in common 
with dc macl|iuo.s, the thooiy of either of the two cJ.isses contimiud to 
dovclop separately for maiiy years: commutation processes w'ere 
given treatment m conjiioclion with operating proc&cses in a marbiiie. 
In considoring the processes of energy conversion in the air yap 0 / a 
dc macliine, jI is quite jitsljifiahle to employ pliasor diagrams and 
oqiiivalont circuits after red'iiciiig the multipliaso armature winding 
to a two-phase winding, in ,il3 classical design, tlie dc machine is a 
salient-pole machine with a stationary field winding. However, cou- 
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Irollttd-recljfiur commiilotiti' machines widely use stationery ac 
windings. Nonsiilient-jiole Jc macltiiies willi a compensating win¬ 
ding sornolimes (inri use in practice. The generalized approach lo 
studying synchronous and dc machine will promote furtlior the theo¬ 
ry of eluctfic tnachmes. 


6,4. The Double Squirrel'Cage Induction Motor. 

The Effect of Eddy Currents 

We re.sirici oiir attention to the equations of llie maciiine jvilh 
one stator winding and two rotor windings. The mathematical mo- 
doi of this type is applicable to the anal.csis of a widcclass of ma- 
cliines with o double aqiiirrel-cuge ^sborl-circnited) color and to the 
coiwideralion of the effect of eddy currents in the rotor. 

Let us define wtiat ono ahoulii understand under eddy curi-etils in 
a cage rotor. In the practice'of desigil of a motor, account is gencrol- 
ly taken of the action of one short-circuited winding made up of bats 
and end rings. The calculation teclinique deals with an idealized 
physical process since it desrogards the fact that, ilu) rotor is current- 
conducting and the winding is in electrical contact witli tho core. 
This approach, genorally pcrtnissiblp, does not work where Ihore is 
a need for an a^urate calculation of the starling cliaractcriHilcE of 
a motor whose rotor curront frequency benoinos conipoiable to the 
aupply lino frequency or eyen Iwica as high in plug mversing. 

In high-frequency motors designed for voltages at 400 to 1 000 Hz 
the effect of eddy currenU is noticeable. If we remove the cago win¬ 
ding from the rotor core, thus lonvJng i.lip .slots empty, and then 
connect the stator to the line, the rptor will run at a steady speed 
ex’en with the sheet-steel laminations insulated from one another. 

Strapping tho sheei-sleol laminalidns that form a coro with copper 
bars by tightly embedding them into the slots, we make up a rotor 
structure, yet without the eud rings, i.p. with the cage open-circuit¬ 
ed. Tho motor so built develops a substantial torque, comas up to 
a steady speed, and can carry a load, about one-third of the rated 
load. Ill tho first case considered above, the rotor keeps going under 
the action of eddy currenU induced in each steel lamination of the 
core: in the second case, the rotor turns by the action of eddy cur¬ 
renU in sloel-har-sleel loops. Such Iqops exist in any cage rotor and 
have a pronounced effect since the rotor core laminations are usually 
not isolated from one another and all bars are solidly connecleil to 
end rings, commonly by nluminum flow brazing. 

Thus, as regards its equivalont circuit, a single squirrel-cage motor 
is similar to a transfoimor with one primary and one secondary, but 
only if the rotor cage winding has no electrical contact with aheet- 
steel faminafiorts and the rotor core is made up of thoroughly insu¬ 
lated sheets. Where this is not the case, tho motor circuit modal 
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must be analogous to Iho circuit model of a multiwinding transfor¬ 
mer, in which the number of; secondaries is equal to the number of 
loops under study, or to the cjircuit modol of a transformer with two 
secondaries if the properties of all eddy current loops in the rotor 
are amenable to generalization to those of an integral eddy current 
winding. 

Theoretically, the generalised electromechanical energy converter 
permits considering all the variety of eddy current loops if every 
loop, including the loops in |individual laminations of the stacked 
core, can be treated as an injdependent winding with its own para^ 
motors. 

Consider the equations of an energy converter having one stator 
winding and two rotor windings. In tho transformed coordinate sys¬ 
tem u, V revolving in spacelat an arbitrary velocity Wt, the equa¬ 
tions for the case of interest have the form 

I 

M«, = — MtVei-I-/f.iu, 

Uvi = d'V^Jdi -t- (Oj'Vu, -1- n,iai 

0 = — (Uo—v) Tb, -f f?„ 

0=d'l'„,/dt-f (a)o-v)'r„,-hfl„4, (6.7) 

0 = d'^ua/d't — (»e —v) Tos-i- /?2,<u, 

0=dY»,/di-|-(o)c —v) ’?u,-H 
fii( = 77uj/Z?, DxlJD (6.8) 

where , 

X, Zo ^0 

/>= Z, Xry (z,-l-z') 

Zj (z*-t-x') z„ 

Zj Xq 

z^i (Z(j-|-z^) 

®o'i'v3 (*0 + »') ^>-1 

Z, tOo'l^ui ^0 

Zo tOflT’u, (Zo-l-z') 

Xq Wq'Pu3 Xf^ 

Z, Xq Wo'l^Ui 

Xq Z„ Wo'Pu, 

Xq r(Xg -f- Z ) OJq'F„S 

f&i = Dqj/Oj ftta” O^y/D 


(6.9) 




where 
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Wo'i'n ^0 ^0 

Dvi— ®ri (^0 + *') 

^9 ^0^ PI ^0 

^0 “o'*'p. (■'#+*') 

*0 “o^pj -fpi 
X, Tfl “o'^Pl 
^0 i^o'^Pa 

Xo (Xfl-t-l') MgV„ 

The syslom (6.7) inoludes Iho voltage equations for the slolor and 
for the first and the second rotor cage; the systems (6.8) and (B-S)- 
include the curj'ont equations for windings on the u and if axes res¬ 
pectively. In these equations, ''K», and are the flux linkages of 
the stator along the u and v axes; and Vb, are the flux linkages 
of the first rotor cage along the u and v axes; M'u,, and are the 
flux linkages of the second rotor cage .along the u and i-axes; /?, (f?ir. 
R,r) stands for resistances of the phase involving the stator and rotor 
windings; x, (x,,, x,,) stands for inductive reactances corresponding 
to the total inductance of the piiase involving the stator and rotor 
windings; is the reactance of mulut^ induction for a corresponding 
pail of windings, which is due to tliej main field of the machine; x' 
is the reactance of mutual induction [for rotor cages; and v = M/dt 
is the angular velocity of the rotor. ' 

The analysis of the most popular ihi-ee-phase induction machine 
with two rotor windings calls for the formulation of the relations 
between self- and mutual inductances of windings and use of the de¬ 
sign parameters applied in the theory'of electric machines. The rela¬ 
tions are obtainable from the comparison of the electromechanical 
equations for the steady stale (ci. is constant) with the classical 
equations for a three-phase double-cage motor: 

Xa = 0>B (Li — My) 

xj =. te# (Lj — 4^2) 

xj = 0)0(1,-Ms) (6.10) 

x, = a, (3/2) Mf 

x' = a, (3/2) (M„ - Mo) 

where Ly is the inductance of the stator phase: L, is the inductance 
of the rotor phase (first cage); L, is the inductance of the rotor phase 
(second cage); My is the mutual inductance between stator windings: 
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is Ihe mutual inductance between the rotor windings of the first 
cage: Mj is the mutual inductance between the rotor windings of 
the second cage; and Afga is the mutual inductance between the ro¬ 
tor windings located on the same axis. 

Sotting coc = (<>r, o)c = or o>c = 0 allows us to consider the 
converter in the most preferable system of coordinates. The equa¬ 
tions expressed in the a-^ coordinate system have the form 

_^ M\ Ji'ia M 

lit ~ L‘ U i* dt L* dt 

_ “p ^^ 

dt ~ L‘ L‘ dt L» dt 



Af Mr rft’iB 

LI L\ 

The equation of motion ig 

(,dvldt) =[!/(/ /p)\ l(mp/2) M (i|i)a — + ig'sa — iaib) ~ r] (6-12) 

In Eqs. (6.11) and (6.12), M is the mutual inductance between 
the stator and rotor windings, and M' is the mutual inductance 
between rotor windings. 

The inductances of stator and rotor windings are 

L\r=: Af + l\a, (6.13) 

where If,, and are tlie leakage inductances of stator and rotor 
windings. 

It can be shown that for the steady state, differential equations 
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(6.11) convert to complex equations for the phase of a double-cage 
induction machine. Replacing in voltage equations (6.11) the diffe- 
tential operator by /o), we obtain for the steady-state performance 

"h "h /*aA//la /toiw I la 

u‘f = n% + /cdLV'p -h /wAf/Ja+ 

— U'\oi = "t" MIfy LiF 13 V 

+ M'i2f\+ 

— U\^'= ffi/iB + /ooZ#i/iaH" /(a.l//p““ M /aV 

- L'l AaV - M'i'tay -h (6-14) 

— £/^ = RzF^a "h 7ta£f2^2a"l‘ /Wvl^/a “h A//p'V 

+ Lj/Spv-t-A/'/JpV-h /fflM'-i’ra 

_ ^5J ^ + jmLli'z'f + - AfL v 

~ Z,3/'2aV - M'iiaV + /wAf'/fp 

Substitute relations (6.ID) into (6.14), next multiply and divide 
the terms in rotor circuit equations for tho emf of rotation by the 
angular frequency of the supply line voltage. We finally get 

Ua = R*/* -t" j^lFa /®o^ *1' "t" 

— Cilo = f?iiia +/Sfa^ia-h/^O^a 

+ (Xj + Zj) T^gv' + ix'fla + i^oha + x' hty' + Xof'tty' 

— ciip= fliAp-f ;ai/Ts-i-/a:(,/iS + /Ve —xJ’aV' (6.15) 

— (xi + Iq) ^la^' "h fx' jzfi }Xo ‘F 2P — x'lzay' — Xglggy’ 

— “ Rt '^a 4* 4" Xi,IfiV' 

-i- (*j4-x,) /2Sv'4-/*'i^a4-/a;o^a4-a:'/;sv'4-Vis'v' 

— 4-/*sf2P 4"if*0^2p4- /®oip — 

I. . . 

— (z, 4- Xa) /Sa'v' 4- 4- /^oHs — xT^ay' — ZjfiaV' 

In Eqs. (6.15) we put 

Xj = Zj = tolio, *a = (ofio. *0 = ®Af, v' = v/cfl, v = d^ldt 


9 - 0 H 7 a 
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where x' is the reactance of mutual induction between the rotor 
windings. 

Considering that 

h=jh. K = ih(i (6.16) 

the processes in the symmetric mode of operation can only be trea¬ 
ted for one phase of the machine. So, substituting relations (0.16) 
into (6.14) for one phase yields 

V> = y?V* + jio (/■ -\-j\ + h) 

- V\ = R[I\ + (1 -,^') -f /X, (i - V') (1 - V') P 

+ {i_v')/:-i /x,(i-v')/; 

- f7;= R\r,+izj' (1 - V') -b /z, (1 - v') /; -f (i _ v-) /• 

-f/x'{l-v')/: + /x„(l-v')/; (6.17) 

After transforming the rotor windings to the stator winding and 

introducing the magnetizing current = P P,' + /J' in Eqs. 
(6.14), we have 

0‘ = R'P + ix,P + }xJ, 

0 = flV/;' Jx'siU -h w/o + jx'sh' ( 6 . 18 ) 

0 = Ri /j + ^Zj /2 s + iXas'l^-^ }x’$i'\ 

Here 5 is the slip. 

By performing appropriate transformations, from Eqs. (6.18) we 
obtain the following system of equations for the classicai circuit mo¬ 
del of a double-cage induction motor: 

0 = Vo + hi'z + (1 - s) * 4- ix'i'i (6.19) 

0 = /o*o + /2'?s + I-lR'i (1 -*).'« + }x'K 
i,=p+r’^r^ 

In solving the equations for the machine with two rotor windings 
on an analog computer, it is advisable to use the model expressed 
in terms of currents since this model is most preferable to the anal¬ 
ysis of machines with varying parameters. A more stable model 
expressed in terms of flux linkages becomes impracticable for the 
purpose since a change that is to be made in any one of the induc¬ 
tive reactances calls for recalculating all the coefficients in the equa¬ 
tions and rearranging the same number of gain factors on the model. 
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Tlio equations below correspond to the model of an induction 
machine with two windings on the rotor 
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B = £',e + {M/L\) iJs + {MIL{) iS 
A = i\a + (MIL\) (J 

£> = ijp + {MtLi) £5p-f (MILD II 
C = i5« + (MILD ‘la + (MILD ‘a 
M„ = (mp/2) M (<^£^a - fiiip) + \mpI2) M (if iEa- iJitp) 

I 

( 6 . 20 > 

An analog computer is suitable fqr the analysis of a machine 
with two windings on tho rotor only if the winding parameters do 
not vary. In studying the processes within a wide range of changes 
in the slip, it is advantageous to chpe^o the parameters for the slip 
which conforms to the initial stage of jlhc transient. Whore the pur¬ 
pose is to delerniino the functional relations between the static and 
dynamic characteristics describing transient, it makes sense to 
apply the experiment planning technique to tho model. A digital 
computer offors the possibility of solving tho behavior of a machine 
with varying parameters of the windings. 

To start with the solution of equalipns, we need first to determine 
tho parameters of loops. The para^nelers of the iulogral eddy- 
current loop can be defined proceeding from tho identity of its 
paramolors with those of the solid rotol' of the same size. E.xporimen- 
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tal investigations (the el^ort-fircuit lest at different frequency of 
the stnior circuit supply voltage, the cnnstrucLion of torque curves 
for a motor) attest to Iho identity of the paraotelers of a rotor hav¬ 
ing open-cii-ruitoH cage bars embedtled in slots (an integral eddy 
current loop) with, the parametei'S of a solid rotor of the same air.e. 
What accounts for this fact is that the bars pieced into slots add to 
electric conduction of current llirough Individual laminations. 

To define the paramelora of an Integral eddy current loop acting 
jointly -with the main loop; we should apply the expression 
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( 0 . 21 ) 


which la the first uqnation establishing the reloUon betweun the im¬ 
pedance of the loop and the current through it when this loop acts 
separately (ai, I',) and together witli tire main loop (*'*, I'*). Here i 
is the order oi the B = k/iy^ parabola used to approximate the main 
B-H curve lor a ferromagnetic material, 

The second equation for the impedance and current 


(j, -!•»'») [Vp + —+ 




is written using the equivalunt circuit. The parameters Zi and ol 
the stator and the main cage rospectively are taken from the calcu¬ 
lation data. The value of is found from the U-shaped curve (this 
value is close to the calculated value). 

Experimental investigatipns and calcuiation.s confirm that the 
resulta of e.xperimenls compare more favurably with the calculated 
results if account Is taken of rotor eddy currents. The disparity be¬ 
tween the electromagnetic torques with and wiihoui regard to oddy 
currents for the AO'd-24-4 inptor comes to about 10% at 50 Hz and to 
16% at 400 Hz. The calculations reveal that neglecting the effect of 
eddy currouts introduces S groater calculation error for motors 
designed to operate at higher frequencies since a more tangible 
share of eddy currents affects the electromagnalic torque. 

Any induction motor should be treated as a inultiloop system. 
The eddy currents in a rotor can be allowed for by adding the inte¬ 
gral eddy current loop to f)ie equivalent circuit. The effect of this 
loop need be given due consideration in the dynamic and steady- 
stale analyses of motors operating within a wide range of changes 
in the slip and also moiora supplied from sources of increased fre¬ 
quency. 

Eddy current loops in a core stacked of shnat-steel laminations 
affect hut litiJe the electromagnetic torque ol the motor. However, 
ft Is the loops formed by the cage b.srs and rotor core that produce 
the driving torque. An open-circuited cage corresponds tu the inte¬ 
gral eddy current loop and is identical to a solid rotor. 
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The model expressed in terms of currents is most suitable for 
the analysis of an energy converter with two rotor windings on an 
analog computer. The program for the digital-conaputer solution of 
differential equations of a machine with two rotor windings permits 
studying the dynamic behavior of the machine having both constant 
parameters of the windings and parameters functionally varying 
with time. It is also advisable to use ^this program for the study of 
double-cage motors. The equations obtained in this case are cumber¬ 
some and become still more so with the addition of a winding on 



Fig. B.S. laduction-motor torque characteristic allowing for the effect of the 
eddy current loop 

**m«x ■^nom ®"'* *'r»» ~ starting, r^lnlinum, moximum, nsniintl and r«ul 
tant tor<iuea respectlvelv 


the stator to allow for the effect of eddy currents, imagine the comp¬ 
lexity of equations and the iransforrhations involved for a larger 
number of windings. ^ 

The itnali/sit of the equations for an induction machine with two 
rotor loops leads us to the conclusion thpt alt the variety of mechanical 
characterisliea, M„„ reduces lo the two-winding motor characteristic 
Mf disregarding eddy current loops and to the characteristic M, of a 
motor with a solid rotor (Ptg. 6.5). 

6.5. The Induction Machine Model Including 
Stator and Rotor Eddy Currents 

I 

As mentioned above, the effect of e|ddy current loops must be al¬ 
lowed for in solving the dynamic and steady-state behavior of mo¬ 
tors operating over a wide range of slip changes and also motors 
built for voltages at increased frequencies. 

The matlietnatical model of a machine cnrti’ing two stator wind¬ 
ings and two rotor windings and having a circular field in the air 
gap is tho model of Fig. 3.3. Considerijng that the mutual inductance 
between Uie stator and rotor windings results from .1/, and the mut¬ 
ual inductance between rotor windings from .Wr, after appropriate 
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transformations we get 

Jit* * 
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dt 

dt 
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dr ij i*' dl iJ dt Li dt 


£lfi__£1 „ r iw , /r , iL,-- *1 

dt L\ + I 7,f ‘•<»+/,r fla-f *i»+ *2oJ 


M drfg M di^g A/; d/2B 


dt if dt 


dt 


M d/*g 

■Zf 


Af dizB 
if dt 


Af> ^ 
iC dt 


(6.23) 


di2» fft r , r A^ * , A/ r , A/' n 


-^ = 77^ tW (iimiia - f fails + ifsiSa - ifa«2P 

+ izpiia— iiaiis+ ‘apiJa — iJaiag) — 3/rJ (6.24) 

Replacing p by Jto from (0.23) wo can obtain the equations for the 
ateady-stato operation 


u{=‘i‘X + rmim 

“.'=0=/Jz;+/mZm 

- Jr 0 = /;'s;' + ,/„z„ + /;/<;' (i - s) s + 

_ „J = 0 = rfz'’ i„Z„ + /J'/Jr' (1 _ s)/g 4 - ygrt/K 


(6.25) 
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hi Eq. (6.25), the impedances of a ahd (5 windings are taken equal, 
and Hie currents aud voltages bear indexes to identify the first and 
second .stator and rotor windings. i 
Solving (6.23) and (G.24) on a digital compnlor, wn can eslimata 
the effect nf eddy current loops on the dynamic and static modes of 
operation of an induction machine. 

As found from Investigations, the effect of a stator oddy-ciirrenL 
loop during the period of starting a 7-kW motor la greater Ilian ttiat 
of a rotor cddy-cuiTenl loop, lint both loops have an equal effect on 
the impact starling current in the stator winding. Applying the 
experiment planning techniquu to Hie analysis of motors of various 
powers and with different mimbcrs of polos, we can evaluate the 
effect of eddy current loops in Ihu stator mid rotor on the dynamic 
and static clinraoteristics of motors. 

Whero a few loops are involved in the prore-w of euei'gy convers¬ 
ion, of muL'h importance i-s an .accurate dcUiriuinatioii nf the wind¬ 
ing parameters, for which purpose a frequency method is advaiitag- 
ooua. The par.ameters of stator cddy-ciirrenl loops ca.n be found from 
the value of iron lo.ss. The calculation meiliml Hint more fully allows 
for manufacturing factors gives hotter results. The effect of eddy 
currants on the olmracterislios of n in.^chiiiB is accounted for by the 
interaction of nil cnofficionls entering into Eqs. (6.23), aud (6.24). 
The stator and rotor stool sheet thickness, sloel grade, and inanu- 
focturiiig operations are choeon alter the analysis of (6.23) and (6.24) 
and .also after consideration of ocononiic factors. 

In Eq. (0.23). the voltages on the »coud loops in the stator and 
rotor may be oHier than rero. If tho! voltage iiiiprossod across the 
stator winding is tlic anme nnJ thus the field in the air gap is cir¬ 
cular. the problem reduces to the study of current distribution among 
the parallel branches of witidiiigs. A small di.scrBpancy between lit© 
Inductive reactances and resistsneos of parallel branches causes a 
Tjonuniform distribution of currents and thus affects the performanco 
of the machine in the steady-state and transient conditions. 

6.6. The Effect of Manufacturing Factors 
on Electric Machine Performance 

In the theory of energy converters it is customarv’ to consider the 
air gap uniform, though this is not the case in a roat ntncliino for 
a variety of manufacturing reasons. The air gap nonunitormiiy may 
arise from ihe oceantricily of a rotor wl|th respect to a stator (Fig.6.6a), 
rotor ollipMcily (Fig. 6.66), rotor and alator conicity (Fig. C.6c), 
and misalignment (Pig. 6.0if). These factors are responsible for nd- 
<litionnl losse.s, vibrations, and vartoilB errors, so they tnu.st be taken 
into uccounl in Ihe mathematical anajlysis of energy conversion pro¬ 
cesses. 
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For the case shown in FigJ 6 . 60 , b, a multipolar machine structure 
can be broken down along its length into a few elementary machines 
with different air gaps and |nto m machines around the gap circum¬ 
ference. For the case of Fig. 6 . 6 c, d, the structure can be broken apart 



into n machineswith different airgapsalong its length. If the multi¬ 
polar machine of Fig. 6 . 6 a, b has parallel branches, the current 
distribution over the elementary machines becomes nonuniform. 



<») (b) 


Fig. 6.7. Typical nohunifonnities over the machine length 
(a) tapered rotor; <b) Etator divided Into pole com 


For the case of Fig. 6 . 6 c, d,. the elementary machines are connected 
in series and the voltages are distributed nonuniformiy. 

Consider a machine with a nonuniform air gap (Fig. 6.7) and divide 
it into n pieces throughout its length. A usual approach to designing 
a machine with its core divided into pieces over a uniform ait gap 
is similar to the case under study since the extreme core portions and 
tlie middle core portions operate under different conditions. 
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As a first approximation, assume that the machine has n stators 
and a common rotor. Supposing that there is no link between n sta¬ 
tors, the voltage equations then take on the form 

u, □ 

u, O 


U„l I □ 

In Eqs. (6.26), u< and it are the voltage and currant matrices of 
the ith machine. In the impedance matrix of (6.26), the squares 
denote the impedance matrices of a machine with a circular field. 
Bach impedance matrix contains corresponding parameters. The 
electromagnetic torque here is equal to the sum of products of cur¬ 
rents in each elementary machine , 

M.<= Mi + MMn (6.27> 

Torque equation (6.27) for the common-rotor machine model in¬ 
cludes pairwise products of currents lin the n stators and the rotor 
apart from the products of currents In each elementary machine. 
In the common-rotor model, the rotor establishes the link between 
n machines. 

For the series-connected elementary machines operating in the 
steady-state conditions, the line voltage is 

U,= Ui + Ut+\ . . . + 0„ (6.28> 

and for the parallel-connected machines, the line current is 

/, = /i -1- - -h /a (6.29) 

where i/j. On and /,, /j, . . /„ are the voltages and 

currents in elementary machines. 

If, apart from the linkage betweep the elementary pieces due to 
the rotor current, we consider the linkage resulting from the machine 
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saturation, the impedance matrix in (6.26) will be filled completely: 

I 
I 

O □ □ i, 

□ □ □ a 1 

■ 1 : - : -: ^ • (6.30) 

□ □ □ a >, 


t=i □ □ □ 1 h„ 


The torque will then contain not only the products of currents in 
the stator and rotor but also the products of currents with different 
Signs; 

Mg = Mi -i- ... T .Wf -f .T/„ Mil 

-t- . . , -f- Mil -f- ... + .l/i„ + ... + 

(6.31) 

Equations (6.30) and (6.31) arc similar in structure to the equa¬ 
tions for an m-n winding mac|iine. The equations for the generalized 
energy converter permit the analysis of energy conversion processes 
in electric machines with due regard for mantifacluriiig factors. 

Machining the stator and rotor can also affect the characteristics 
of an energy converter. This factor can he allowed for by consider¬ 
ing the differences between the parameters of olcmentary machines 
or the presence of eddy currept loops, as is done in Secs. 0.4 and 6.5. 

A set of various manufactiiring factors commonly determine the 
performance of a machine, and consideration for each factor in the 
set makes the analysis a very difficult problem. As noted above, 
the equations for the m-n wiqdjng machine permit the study of most 
of those factors, each separately and a few simultaneously in one 
combination or another. 

Equations (6.26) and (6.27) apply to the analysis of print-wind¬ 
ing machines in which the field distribution at the end portions 
around the periphery differs from that close to the center of the air 
gap- 
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Chapter 7 

Models of Eleciric Machines 
with Nonlinear Parameters 

7.1. The Analysis of Electric Machines 
with Nonlinear Parameters 

As noted esrHer, the equetions of eleclromecUanical energy con¬ 
version with constant coofficienls are jnonlinoar equations since they 
contain the products of variables. The analytical solutions to these 
equations do not exist if Ur undergoes cliangcs. Consider the effect 
of nonlinear coefficients in the oleclroiucc-hanical equations on tho 
processes of energy conversion in electric machines, namely, the 
coefficients L, l„. r^, r„ and J and independent variables u, 
i, and Mr. All coefficients entering fnlo the equations can bo non¬ 
linear. The resistance of a rotor changes with current displacement, 
and that of a stator will) lieal. The inductive reaclanco depends on 
saturation. The moment of inortia ip some drives is a function of 
the angular .speed. 

Tlie parameters depend on voltages, load, and other factors, 
but in general thev aro function.s of time as is clear from Eqs. (7.1), 
(7.2), and (7.3): 
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ii 


(7-2) 

3/r (*)1 (7-3) 

The model of an energy converter, a^ shown in Fig. 7.1, corresponds 
to Eqs. (7.1), (7.2), and (7.3). 
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The nonlinearity of the parameters of an energy converter operating 
at sinusoidal voltage is responsible for the emergence of a harmonic 
spectrum in the air gap. 



Fig. 7.1. The model of an electric machine with noDlinear parameters 

The mathematicnl model of the processes of energy conversion in 
the air gap of a symmetric machine having two stator windings and 
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two rotor windings and operating from the symtuetric supply voltage 
source is the m-n winding machine tjaodel of Fig. 3.2. 

Each harmonic of tlie field can be set up on the model by choosing 
a pair of windings on the stator or rotor and applying to their term¬ 
inals appropriately phase-shifted sinusoidal voltages of correspond¬ 
ing amplitudes and frequencies. i 

Voltage equations (7.4) describe the model of Fig. 3.2. The 
torque equation follows from (3.12) by substituting m for n. 

The nonlinearity of at least one of the coefficients in the electro¬ 
mechanical equations gives rise to an infinite spectrum of field 
harmonics, and the equations become similar to those for the general¬ 
ized m-n winding energy converter. I However, the model here has 
the same number of windings both on the stator and on the rotor, 
and the determination of links between harmonics (between ficti¬ 
tious windings in the model) differs with each parameter. With a 
change of the load or voltage on the terminals of an energy converter, 
the couplings between harmonica (mutual inductances in tha equa¬ 
tions) undergo changes too. 

Thus, the analysis of an electric machine with nonlinear parameters 
is possible by use of the two notations for the electromechanical 
equations. Specifying the parameters as functions of currents or 
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time, or other factors, wc can implement tliese fimctions on the non¬ 
linear units of an analog computer or realize them in the form of 
tables on a digital computer a:n(i then solve Eqs. (7.t) to (7.3). A second 
approach is to choose (he required number of harmonics in the 
model of the m-winding maqhine and solve Eqs. (7.4) on an analog 
or digital compuler using constant coefficients or coefficients varying 
with load, temperature, vojtftgo, etc. (see below). 

The equations for tho harmonics to be cho.san in each case are 
cumbersome, but they offer large possibilities for the study of sys- 
toni.s. For example, they pei'mit us to determine the effect of each 
harmonio on the torque being produced, to consider the products of 
curi-oiiis due to various lianponlcs, to vary coupling, etc. Eqs. (7.1) 
to (7,.3) are mure reudfly solvable but they do not allow for an easy 
assessment of many peculiarities. 

The oqiintions with nonlihear coefficients are not amenable to 
an nccui'ule solution as Is seen from the analysis of the system of 
equations (7,4). ffowever, taking into account some noiilinearities 
and Solving the equations on a digital coinpiiier, it is pos.atblo to 
obtain llio result to a desired accuracy, 


7.2. The Effect of Saturation 

For most rotating macliines, Ibe operating point lies on the non¬ 
linear branch of the B-H curve. The saturation of an energy convert¬ 
er varies with voltage, frequency, and load, thereby affecting the 
niaciiine's output cliarHCleri.$tics. Willi the saturation being taken 
into account, in a fjr,st appro.ximation the magnetization M is taken to 
depend on the magnetizing current or tiino. If M = then 

L = fg (t) since L =■ Af -h Igi. We may assume here that the leakage 
inductance is independent of saturation because Ihe leakage flux 
ends on itself in tbo air and accounts fur a small share of tho working 
flux. We may also make oni> more assumption that L and M vary 
in the same manner 

t‘ (<) - M (0 + Lr (1) = M «) + for (7.5) 

Then 

To simplify the model for the solution of equations with nonlinear 
Coefficients fj and M and thus to cut down the numbor of products, 
Jet us introduce now variablbs 

^ma —'tt'-l-fa. hnB—'S’rfS 


(7.7) 
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At M ({), the equations then assume the form 

«i = (fl’ + (didt) l„,l a + (d/dt) M (/) 

= lfl» + (dm l„,] i'p + (d/dt) AT (/) l„a (T,8) 

r4 = I/?-' + (rf/dO^orl 4 + (dm Af (t) 

+ M, U'ii -r Af (t) 

4 = in'- + (didi) t„A ii + (dldt) M (l) i,„p 
- <.>, IL^l^ + Af (t) {„J 

The torque oquation is written as 

A/, = p.W (/) (7,0> 

Coustileriri); a iionliiiear clisiige in' llic Icakago inductances, we 
should tran.sform the equations in victv of Iho fact that 

4* (0 = .If + f.r, (t). V If) = A] 4- for (f) (7.10) 

The cquiilion for then takes on the form 

i- J ‘‘i+-;r '"•« < 7 ,11) 

fn a similar way we l.ransform Llie equations for ni, nfi. onii uJi, 
ufi. The torque oquation is given by (7.9). 

The analysis of (71) through (7.4), (7.6) and (7.11) on analog and 
digital compiiLera reve.als that tlie lleakage inductive reactances 
liave a greater effect on the impact (;nrTont3, itnpncl torques, and 
starting time than the reactance of mutual induction. The pattern 
of variations of Af and has a stnallcf effect on tlie dynamic charac¬ 
teristics, The values of the parameters at the initial stage of the 
transient process play a dominant [irirt. In a first approximation, 
therefore, wo can disregard variations of Af and fo, and Solve the 
equations with constant coefficients, siibsiiiuling into them the 
saturation values of the parameters] which determine the static 
characteristics at the end of the transient. 

At its starting, a machine first draws power from the line (during 
one or two period.s) necessary' to accelerate from rest, then the ma¬ 
chine and the line exchangn energy, depending on the combination 
of parameters, the rotor may reach the speed in excess of the syn¬ 
chronous speed (at a small moment of inertia) or slowly gain tlie 
steady-state velocity (at a large moniepL of inertia). Motors supplioil 
from hf voltage sources and motors With large moments of inertia 
have similar starting characteristics. 

In Sec. 7.1 we have discussed Eqs. i(7.4) for a saturated machine, 
which, are set up to define an infinite; series of harmonics in llic air 
gap, Consideration of the interrelations between liarmonics presents 
a complicated problem. Let us ilhistraie the way ot deleriniiiiiig 
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these interrelations by an bxample of a transformer. With a liar* 
monic voltage applied tn the transformer input, the inductances of 
windings can be written as functions of time 

L, (t) = Lg + Li cos (cat + a,) 

-I- Lf cos (2<of + a,) + . , . (7.12) 

M (t) = M„ ■+■ Mi cos (cat + a,) 

4- Mf cos (2<af + a,) + . . . (7.13) 

The transformer equations are considered here as the equations 
with periodic coefficients. These equations do not however reflect 



Fig. 7.2. Thc'nonlinear transfarmer as a linear multiport 


fully the processes in the nonlinear transformer because in the cir¬ 
cuits with nonlinear parameters there exists an interaction between 
the components of the harmonic series. 

The nonlinear (saturated)^ transformer is a generator of upper har¬ 
monics. Such a transformer lean be represented as a linear multiport 
(Fig. 7.2) with a sinusoidal voltage of one frequency (Ui, A) supplied 
to its input terminals and a' spectrum of harmonics at its output ter¬ 
minals: 

tti, /|I Wa, /a* . . . , U|, //, a • a , Ufif fn 

In a nonlinear transformer one or few windings that receive energy 
exhibit a sinusoidal emf of one frequency; the transfer of this energy 
and its transformation then occurs not only at the fundamental, but 
also at upper, lower, and frs|ctional harmonics. In an ideal transform¬ 
er the sum of incoming energies is equal to the sum of outcoraing 
energies at all frequencies. 
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The output parameters oC an n-port With harmonic voltage soticces 
can I>e defined by the Z matrix and complex amplitudes of voltages 
at open-circuited output terminals E^, E^, . . ., Ei, . . E„. The 

assumption is that any of tho windings features a sinusoidal emf 
and carries currents of only one Frequency since llie ideal fillers 
inserted into each winding block tho currents at othor frequencies. 

A transformer, as viewed from its output terminals, can bo do-s- 
cribed by the matrix 



(7.14) 


The impedance matrix has tfie form 


"II •• • *11 • - ■ 

**1 • *JI : • • • 

*£1 *11 • - • *!/••• 

*n1 ■ • • *nj •• • 

The square matrix (7.15) describing the internal sources of har¬ 
monic voltages will be called the noise matrix of a transformer, fn 
matrices (7.14) and (7.15) tho terms [that have a physical meaning 
are the equivalent-multiport winding impedances z,,, z„, . . . 
. . ., Z/|, . . ., z„„ lying on the principal diagonals. Tho remaining 
z-matrix torras A/,,. yl/„, . . A/,„, which describe the 

interaction of harmonics in a saturated system, will bo termed the 
coefficients of coupling between tho harmonics of differont frequences. 
This interaction of harmonics is onlypresent In a nonlinear system. 

The analytical determination of the coefficients of coupling be¬ 
tween harmonics presents great diffictilties, for the calculation pro¬ 
cedure necessitates the analytical expression of the magnetization 
curve. It is therefore more advantageous to resort to the graphical 

lO-ulUS 
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method of evafnnting the interaction between harmonics. Referring 
to the B-H graph for the sinusoidal voltage of the fundamental 
(Fig. 7.3), the area of triangle OAC with a curvilinear side C>C is 

proportional to the mutual induction be* 
Iween the windings. But if lliere is no 
saturation, the third liarmonic isonu-lhird 
o( the first in amplitude, the fifth is one- 
fifth, etc. Whero the B-H relation is li¬ 
near, upper harmonics are absent. Pro¬ 
ceeding from the above, vve estimate ap¬ 
proximately the coefficient of coupling 
between Hie first and the third harmonic; 
M,j = (1/3) j 1/„£)'AO^C = (li3) kMu 

(7.16) 

where D is tiie area shown hatched in the 
Fig. 1.3. Determining the figure; SVAC is the area of the reclan- 

coefdcionts of coupling be- g\ilnr Iriaiigle OACi and jl/,, is the niu- 

iweeu baminnics inductance between the windings of 

a nou.saturated transformer. 

Defining Ihe interrolaliou belween the first and the tliird. thn 
first and the ith linimoiuc, we can find that 

3/». = (1 i) JiJiiD'AOAC = (7.17) 

The coofficieiil of coupling between the ith and the (i — 1 )i.li 
harmonic is 

Mu-i, I = (1 0 11 (1 - 1)1 |7.18> 

The annlysis of the sninrated ti'aiiflormer ns a linear multiport 
with inlcrnnl sources enable(> us to delemiine the interchange power 
of each harmonic sepnvnlely nnd al.so the available power of the 
transformer over the entire spectrum ol harmonica. The interchange 
power is the peak value ol the power at the nut put of a souico whal^ 
ever the changes in the output current or voltage. Considering each 
source as a oneport networJc, we get the interchange power 

P, = (1/2) £■,£,*'(i/, d-^Ti) (7-19) 

where EJ is the comple.x conjugate of the effective (rms) voltage 
Ep, z’i is the conjugate-matched impedance of a load supplied from 
the iili oneport of impedance z,f. 

The available pow'er of a multiport can be found as the total out¬ 
put power regarded us a function of currenlp in all pole pairs. 

Considering the saturated transformer as a linear noise-generat¬ 
ing mnltipnrt. wo can readily visualize the working processes in 
[re(|Uency multipliers and dividers. The equations thus derived are 
Convenient for simulation bn compulers. We have given here an 
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example of the transformer to illiislrhtD how to clotermiDo llie inter- 
nction between harmonies, ihnngh the discussion certainly relates 
to rotating machines too. 

There are a few methods for the analysis of energy conversion 
processes. They give approximate solutions to tlie problems slated, 
hut on the whole ensure the desired accuracy. 


7.3. The Effect of Current Displacement 
in the Siot 

Tlie study of the effect of current displacement (skin effect) in 
the slot on the dynamic characlerislics of an energy converter is 
of much practic.al significance. A change in the angular velocity of 
a rotor causes a change in the rotor current frequency. This affects 



Fig. 7 4. IlluBtrating current displacement In the slot of an cnotgy converter 
Ttte ffgurEs ?.. denote conducioro 


the current density disu-ibutioji oventhe lieight of a conductor em¬ 
bedded in the slot (Fig. / .4). The current in a conductor or conductors 
in parallel varies over tlie slot height because of the difference be¬ 
tween the inductive reactances of conductors lying at the slot bottom 
and nearer to the air g.np. The amplitude and pliaso of currents then 
vary too. The distribution of AJ over the slot height is given in 
Fig. 7.4. 

Tlie calculation practice u.sos the coefficient kr to account lor an 
increase in the resistance due to current displacement. It depends on 
frequency, the type of winding, slot fieighl h and width u>, the ma¬ 
teria) of elementary conductors, their number and dimensions 2a 
and b. In use is also the coefficient to account for the variation 
in leakage inductive reactance with current displacement. Both fc, 
and A* vary nonlinearly with rotor aiigular speed. The variation of 
these coefficients in relative units for a deep slot is shown in Fig. 7.5. 
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On defining iJie pattcTii of'changes in the slot resistance and_ in¬ 
ductive reacloiicc, we can solve the electromechanical eqnntions 
on an analog nr digital computer. 

In llie analysis involving the equations w'ith paramelers dependent 
on currents or time, use is made of the following equations expressed 
in terms of currents and solvnd for current derivatives: 

ii = (1 lL*~p) ul-(lViL‘~p) il, 

il = (ML>p) u^-(R'IL~p) /S - (Af,'/.*) ii 

ia = (H'/P) - (l/i?) /7W,/- .VnfSt (7.20) 

ifi = (n'’fp)aii-‘r(i/p) piOrQ — Mai^ 

Ms- pM (ijii —'aij) 
i]a>rldt={piJ)(M,-MA 

Here f/p is Ilie integration symbol; o = liL'; f = Ifi + 

<? = f* + Mnii. 

A computing device permits considering separately an increase 
in I ho resistance and decre.ise in the inductive reactance of the 

rotor with a change in its iiiignlar 
velocity, and also the intcraclinn 
between these qnanlilios. 

Tile study of nonlinear variit- 
tions in impedances shows that 
changes in rotor cesistanoe liave 
the greatest effect on tlie dyna¬ 
mics of induction niolocs at star¬ 
ting. The time of starting, impact 
currents and torques decrease 
with current displacement in ro¬ 
tor slots. 

The shape of slots affects the 
character of variations in and 
kx, which in turn affect thO dynamic characteristics. How'over, it is 
the initial and final values of impedances lli.at exert a greater in¬ 
fluence on the processes of energy conversion. The character of 
changes in rotor impedance (the pattern of nonlinear impedance 
variation witli time) plays a secondary role. Computing devices 
enable the solution of problems for various sets of linear and non¬ 
linear parameters and various patterns of changes in k^- and kx 
willi time. 

ft Is to be noted that the problem of considering the current in a slot 
comes to the solution of nUiUiwinding-rotor machine equations, the 
subsequent simplification of iohtch can give the equations for a douhle- 
squtrrel cage machine. Tlie double-squirrel cage rotor of an induction 
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machine requires mure labor for ils inuiiuractuTc nnJ lias n larger 
dinmeter in comparison with a rotor with deep dew-drop or hoHle- 
shaped slot, so in designing new versions of iiidnclion nnieliliies 
ills preference is given to the lalWr job>r, fly choosing a proper 
shape of the .slot, it is possible to bijing itic dynotnic cliuraclerislics 
of a deep-slot maebino do,sc to those for a double-cage nincliine. 

In a real indnclion machine, apart from current displaccrocnl, Ihe 
HiagneliC core saturation atui eddy cniTpiits groally iiifecl the pro¬ 
cesses Hi darling. The analysis of lliese factors in cumbiiialion cap 
give llic equations for a miilliwindiiig inarjiine willi iinriliiiear parn- 
inelcj'.s. 

.^11 approach aimed al reducing the effecl of current displacement 
on the opcraiion of synebronons arid do machines in sleady-slnle 
conditinns i.^ to transpose conrinctors'and decrease their cros.« .aeelioii. 
Id induction maebines i|te effect of: currenl displacement is liikeri 
ailvnntago of for iinprnving llic dynamic cliaraclerisiics. 

7.4, Energy Conversion Problems Involving 
Independent Variables 

The independent variabliw in pIccIroineclinniCHl equations ore 
cominciiily the voltage and moment of reslsioncu d/, (torque). It 
should be kept in tniiid that those equations also codI.tIh the voltngo 
frequency which deiorinines tlic oiiilreni freqiieticy. In the general 
case, both voliage (and frequency) nhd loniiie may change simiilia- 
neoiisly. In most cases, however, the,study of the effect of torque on 
Ihe dynamic and static characleriatlie.s involves invariable voltages 
Willi Ihe turquo at the shall al.so Kepi constant. 

In ooii.aidcring comple.v eloclromofhanical systems which consist 
of Tu,iny electric macliine.s, it is neqessnry to reduce the number of 
oqualions for describing the simplified energy conversion processes. 
The re.searcher must cort.ninly have i( tlioroiigh insight into wlial as¬ 
sumptions ho must Lnlro.liice and whul feaiures lie can neglect lo 
make Ihe analysi.s -simpler hut adequate enough. Look iii the effects 
of voltages and fruquoiioas on the processes of energy convorfiioii in 
eleciric macliine.s. 

The investigation of lraiiaieril.s at varying frequencies and voltag¬ 
es on llic temiinnls of a motor is of much significonco. This is par^ 
licuIarlyUie case for aiilonoinous Dlc'clrimiochariical systems, where 
there is a need lu oblnin llio optimal course of transients by varying 
Ihe voltages and frequenuics. and n]?o lor motors at starting in Ihe 
conditinns of which the motor powers and supply powers are com¬ 
parable 

The processes of eleiHi'omechanical energy conversion ai varying 
frequencies and voltages arc rioscrihed by the sj'sieins of equations 
(4.f) through (4.^1) ana (3.3) llirougli (.3.12). 
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The analysis of dynainicSi of iiiriiiciion machines on an analog 
compnter nl varying fieijiiehcies and voUages calls for a special 
supply iielworlt. The periodii functions sin u>l and cos 0 )f of a vary¬ 
ing froqticncy can Ite found from llii? soliiliun of two equations 

dx.'tU = Wi/i dy.dC = — ti).r f7.21) 

For the stabilizoUon of the voltage amplitude proporlloual to 
sin (ut iinil cos tot, lhr> crjm|}ii(er inndi’l slmiild have an additional 
cirniii for the solniion of the equation 

sin* (ot -j- cos* tor — \ =0 (7.22) 

Should the voltage amplitude undergo changes, the feedback path 
provides for the compensation of errors. 

The supply neltvork at the Varying voltage ampliliide and constant 
frequency is made adequate hnin the solution of tlig equation 

d^x'dr^ -r- wz = 0 (7.2iJ) 

The problems being stated may involve soUage amplitudes and 
frequency that are functions'of the effective values of the niagneliz- 
ing current, flu.v linkages, aiid rotor speed. Thu nmdnl for the solu¬ 
tion of cqiintions of an induction motor with cnitsiani parameters is 
sot lip with consideration for the above factors. 

Consider transienLs at a 'varying supply voltage and constant 
frequency. Tlio pattern of vollago rhiingos is recordiul on nonlinearity 
units. The voltage is made in'vary hetween the limiting values equ.il 
to about 0.8 and 1.2 of the noiniiial v'alue U„. Tlie analysis of oscil¬ 
lograms taken nt coiistniit parameters can reveal that for small- 
power and mudinm-pow'or roolors, the ciirroiUs and torques show 
uiav'tme during the first oncj or two periods when tlic voltage still 
changes little. The characlec of voltage variations has therefore a 
weak effect on the time of starting of these inachine.s. In high-power 
motors, the t>eak currents and torques are evident during the first 
eight to twelve periods, so the voltage changes hero have a more pco- 
uourtced effect on the course nf transients. This is also tlie case with 
molor.s oper.atcd from hf vdllage sources and with motors having 
a largo momeDt of inertia. The I'esnlls of shidies show (hat the im¬ 
pact currents nnd torques depend on the character of an initial change 
in the supply voltage. The derivative a = du'dt or dit'd'V there¬ 
fore characterizes the course of a transient. 

A change in the supply voltage exerts o greater effect on the lime 
of .starling of low-power and medium-power motors A decrease in 
voltage exerts a greater effect than an increase in voltage at starting. 
It should be noied that in motors where the currents and torques 
reach peak values in one or two periods, the uoiilinearity of mutual 
indiiclaDce tsnturation) has a smaller effect on transients limn its 
decreaiv. 




_ 7.5. Analyiit of Qperalion of R«al Electric Machine _ 

Ft is of interest to study the dynamics of induction motors with 
nonlinear parameters, in which the frequency and voltage change 
simnltaneoiisly, This problem is only solvable on digital compu¬ 
ters. 

From the results of the analog-computer analysis of a motor with 
constant parameters we can conclude that n transient occirn-ing at 
a varying voltage and constant frequency / differs in character from 
a Iransient proceeding at a varying / and constant U. The course of 
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Fig. T.G. loipact and sinusoidal loads 


a transient heavily rlepcods on the initial values of frequency and 
Voltage. Transients at cnnslanl L’ and constant f represent a parti¬ 
cular case. 

In widespread use are energy converters designed to operate at 
a constant voltage and periodically varying load (drives of crushers, 
rolling mills, etc.). The character of change.s in df, can be most dif¬ 
ferent. In a tnaeliine operating at an Impact load, the air gap contains 
harmonics wiili peak amplitudes, biit the gap is free from these 
harmonics at a sinusoidal load (Fi^. 7.6)- If an energy converter 
is comparable in power with the line, the impact load distorts the 
voltages and currents in the EC, anp the upper liarmonics arise in 
the line and affect (he opecatioo of otjliec devices. 

The independent variables U and A/^ and dependent variables i 
and (j), can interchange places. For eJ^ample, it we control current in 
a generator (in a generntar-moior system called the current drive), 
the frequency and voltago will undergo changes at the output. In 
sources with semiconductor elements, tlie controlled variable is 
current rather than voltage. 


7.5. The Analysis of Operation of a Real 
Electric Machine 

Let us analyze the processes of elecliromechaiiicBl energy conversion 
in a real induction machine which is Uie most general type of EC 
since here Wr ¥• a>»- A symmetric induction machine has its windings 
arranged in slots of the magnetic core stacked of sheel-sieol lamina- 
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lions. Ins mncliine opernled on simisoidal volt-.-igo supply, Uie air 
frap contains thn spcctniin oil linrmcinics a.ssocialed with magiietixing 
forces, saliency. nonlinearity of resistances and indnrllvc roaciiinces. 
maniifarliiriiig factors, elf. In geiiernl, il moy have any kind of 
lisrmonicS. 

Tho induction macliine is a mnlthviiuling electric niaohine. In 
the aunlysis of this machine, one slimilcl consider that the stator and 
rotor tinve eddy current loops and the parallel brnnehes of stator 
windings may npornle in different conditiotis. Besides, it is to be 
kept in mind that the actiVc strni'liire. of tho mncliinu is hiiilt. tip 
of core ecelioiis. the opernting coiidllions of which are different on 
the oixtrcmilics and in llie middle. 

Obviously. Ike accurate nVatheniaticdl description of tlie processes 
of energy Conversion in n real niJirhiiie cannot he given bec.nise each 
of the .sources of space harmonics produces an iiifinilo spectriiin of 
liarmonics, and the immher of such sources in a real KC runs into a 
few lens. 

Tlio most general tool for the doscriplion of energy conversion 
in a ronvciitioniil iiidiirtion ptactiiiie is the system of equations (S..^) 
ibroiigl) (3.12) willi constant and nonlincot c-oefficienls. 

Althongti tho de.scriptioi) Of pjoceese'^ in an EC is always .ippros- 
imale, computing facilitief can provide a sufficient accuracy in 
tile solution of most prohlenis eocouiitcrod in electromecluiuica. U 
should he remembered that o.vperimentul investigations too O.in give 
only approximate data. | 

Kor a miiP.liiiHi with ii sinu^idal vollugo at its input, il is possible 
to use Eqs. (3.3) ihrougli (3,12) wILli constaiil corfficienls under the 
Rssiimplion Ihnl tho machiint paittiiiclois are independent of load. 

In a saturated machine the magnetiaing currc'iit. contiiiim odd 
linrmonics. Bcfuiise of the spifl between Ihe windings iii space and 
between currents in limo, Ithese haimonir.s produce fields in the 
air gap. tlial travel at dlfferoal slips with respect to the rotur Bn.sed 
nn iha model of the genprn)ived energy converter, the model of o 
siUuratod maCliine can be set up with in pairs of windings on Ilia 
stator and rotor alnng the a and () a\es. fu \s'hich the applied voltages 
produce a field in tho air gap such as iliiu I'oiiikI in a real ninciiino 
(see Sec. 7.2), 

-Assuining that there is no inlerivlation liotween the harin'uucs, 
we can transform Eqs. (3.3) llirough (3.12) inlo Eqs. (fi.l) and (11.2) 
and coiisiriicl a machine m^dul (see Fig. 5.1) willi m windings on 
llm slalor ami rotor. Such a model corresponds to an ideal mac.liine 
supplioil from a iionsiniisoldal asymmetric voltage source (see See. 5.1). 

Thus, considering a miicli|ine with variable parameiers and sinu¬ 
soidal voll.agcs lU the lerininals, we can represent It as a niarhino 
with constant paramelors aijiH nonsinusoidai voltages at the input. 
Tlic equiilions for a saturated machine differ fnim tlio.'ie for on in- 
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ducUon inBchine in that the former contain cocfflcintils ifjan' 

lAJjp. -MTJp, • - end also other 

cocfficienl.s i« iiccotiui lor Ihe teiToriiasnolic tcoiplinjf'j hetwecn 
horinanlcs. 

Lei us lake n look at Uu' effect ot m noosipijsoidal dlsiribuUon ol 


the magnetizing forco on the spectriijii of liarmonics in llie nir gap 
and give the inalhoinHlical deseripli|on of the processes undor the 
nEsimiptiori that the machine of iiitciwt. is nnsaluraldo and the 
voltage is sinusoidal. If we assume that the number of hnrm*nilcs ji 
is iiitioiic and the air gap is stnoothi then the air-gap field repents 
the piiHern ol dislribiilioii of the maenotizing force. Knowing the 
spt’ctniiTi of harmonics in the air gap; nainoly. their amplitudes and 
phases, we apply tiie equaiiotis lor ilio generalized energy eonverior 
and sfit np liie mathemaiical model of llie machine to describe llio 
onorgy conversion pr<Ke-«sv.s. Tlte aasiimptioci liere is ihai, the sinior 
and rotof fufiy the same mimbor of nclitiuu.s windings, wliicli cor¬ 
respond*) to file chosen number of harmoniM. 

The problem being slated must cocI'op two to four h.armonics. and 
its solution cannot cerltiiniy he accpnile. Tlie refiistaucea of ficti¬ 


tious windings may lie taken equal to the resislnncos of actual wind¬ 
ings. Tlie mutual inductances associated with upper lini'niunics of 
the magnetizing force may be tal;on appro,vinialely eqn.nl lo one- 
third of llio fonilaiiiental for (lie llilrd harmonic, to ono-fifih for the 
fifth liarnioiiie, etc. Tlic coolfieicnts (jf coupling helween harntonics, 
corinoi. ht* higher than the muliml induct.aneos halwoen upper 
harmonics, d/j,. The coefficients eijtoi'itig it>to cleclronioclianical 
equations depend on load. Tims tiie equal iu|if for tlie maciiino witli 
0 jionsiriiisoidal iiinif distrltiul ion are flie .same as llursa for a salnrat- 
ed muchine The oquaiions differ fropt each oilier hy the values of 
coefficients .and the amplitudes of hoirnionics. 

For a nonsaliiraletl macliiiie, the ipnif disiribiilioii is sitm.soidal, 
the air gap is smooMi. though noniiniforni duo to nianufncluring 
factors f misalign men t of Ihe rotor with vospeci to the stator fillip- 
ticity, couicity, etc.). The sir-gap nonnni/ormily is respoiisihle for 
the appearance of llie spoctrum of liarmonics in the air gap. 

If lilo gap is tiontiitifoj’m iiolh in the a.xial and in the radial di> 
roctinti, lor analyzing the procosse.s tlic inaclilno is hroken into m 
pieces in the axial direction, and the machine model i.a constructed 
with m stators and a common rotor, such a.s illustrated in Fig. .0.3. 
U can be assumed here tlial the line voltage dislribtilos itself uiii- 
fnnnly among m machines and each elementary m.'icliine differs little 
from the other in pnranietera. Even it we a.ssume tlte piirameiers to 
bo identical, the problem at hand wi,'ll bo insuperably difficult be¬ 
cause each eleinonUry inacJiina has a spectniin of liarmnnics due lo 
eccentricity. The harmonic spectrum contains space harmonics which 


internet and affect each other. As inontionod earlier, the analysis 
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must reduce to tile in\'estig 9 tion of processes involving a specified 
number of liacmonics. 

Considering the air-gap ndminiformiiy, \vn again hitIvo al Eqs. 
(3.3) through (3.12) whose soliiiion ncccsailntes that we should cor¬ 
rectly specify pnraruelers atid deteroifno the anipliludus and phases 
of iiarmoiiics. The .air-gap uonuniforinity due to sniloncy also gives 
rise lo n definite spcclruni of harmonics The mnlhciiiatical descrip* 
lion here is the same ns for .Llia other types of nonunifonnity. 

So, in a real unsnlurated .mnehine there are infinite sets of space 
harmonics arising fioiii S nonsimisoidal mmf distribulion and air- 
g,ap iionuniformily due lo siilicnoy and ecoeiitriciiyi In a suturnled 
machine lliorc appears another spectrum due to nonlinear .self- and 
mninal induciniicos and also heterodyne frequencies. But a major 
portion of these hormonlc-s are practii-elly harmlosB since tliey have 
infinitely small amplitudes,: and onls’ a small portion of hainiomcs 
in this speclnim affect the 'machine performance. 

It is easy lo see ihol Bq-s, (3.3) through (3.12) descrihe (lio proees- 
3 es of energy conversion al a nonsinusoidnl supply voltage in a 
saturated machine with diit regard tnr other spacu harmonica. 

In the analysis of the processes in a roni machine, the researcher 
should, first, have a oluar idea of the fact that the snluUnii to the 
problem can be approxima.lc. second, sot o definite limit on the 
number of equations (niimb'or of harmonics) to be dealt with, and, 
third, perform the most cjoniplox procedure nnmel.v. dofiiic the 
ampliindes and phases of the harmonics in question and also the 
parameters for the olfclriimochauical equaltons. ThU done, the 
roseareher can solve the oquBlious on a roinputer and obtain an 
approxim.ile solution. From the et'gineer's viewpoint, the solulioD 
can I'l* coiisidcreil accurate because llio oblained results can coiopare 
well with the roFiiliR of llioloxpcritnonl on a real machine; in other 
word.s, the rneasiiremcnt entirs tan he of the same order as the ones 
introduecd in the resulis obtained from the solution of the Equa¬ 
tions. 

Despite the coiiiplo.vily df the processes in the liop of an electric 
machine and the different causes ccsponsihle tor ihe emergence of 
hariiioiiics, ibe raathemaliohl description of energy conversion prn- 
cc.sse.s can bo given by itsliig one and llie same sot ol equations for 
on m-n winding machine. 

The model of a machine icilh m wlndingn on the stator and n windings 
on the rotor pernitts the researcher to furinulate the equations for any 
case ol electromechanical energy conoersion and soli’e these equations an 
computers. 

,1/ present almost all problems inoolvtxt in the analysis of energy 
^conversion processes are amenable lo the solution to a deftntte accuracy. 
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Chapter 8 

Asymmetric Energy Converters 

8.1. Types of Asymmetry in Electric 
Machines 

The Iheory of electroinerlmnirnl (sOfrKj conversion generolly desls 
with symmetric machines. However, most eleclric machines, or 
even almost, all real machines, .arc nsymmeiric if maniifacltiriiig 
factors are taken into account, hernusc it is impossible to attain 
the same parameters for cacli plinsc. 

Asymmetric machirics can sliow ele.clricfil, spacial. and magnellc 
asymmetry. Electrical asymmetry results Irom a difference belwecn 
the re.'sislances orlnductive reactances of machine phases. To machines 
with this type of asymmetry belong induction motors linving var- 
ioo.s phaee-.shifting elemonts and operating from a siiiglo-phase 
power line. 

Spacial asymmetry appears as a resnlt of shift (n space of the neigh¬ 
boring phase winding aves llirongli an angle oilier Hum nn angle of 
2n'm electrical radians. The machines with this type of .ssymmolry 
include motors having .shaded polos, Synchro motors, etc. 

Magnetic asymmolry arises from a iiiinunirorm air gap and, 
somelimea- from an asymmetric magnetic core. 

Some machines may siinnltaneonsly display Ihiee (ypes of asym¬ 
metry. An example us a single-pha.sc'induction motor witli a shorts 
circuited .shading loop (liirn. or core on llie pole). The nbove-men- 
lioned throe types of a-symmotry liave ibdowith the principle of action 
of the machines. It is also of interest l!o investigate symmetric mach- 
inos in which asymmetry arise.* from the effect of various mann- 
facluring factors. 

or much importance in the theory of energy converters is the in¬ 
vestigation of .symmetric marhinos with a.symnjetric voltages on 
their terminals. The asymmelrie response of synchronous machines, 
transformers, and indnclion mncliines in tile steady-slate and trans¬ 
ient conditions deserves pariicuhir utlcntion for the study of power 
system performance. 

Worthy of notice is llto most general case c.oncorncd with the mailie- 
malical description of energy conversion in asymmetric machines ope¬ 
rating at asymmetric voUnges on lhe;Lr terminal.s. 

The theory of asymmelrie energy 'converters is given Ireatinent 
in C|Hile a few books on the subject, tlliough its fnrtlier dovolopmenl 
is essential, for the class of these machines covers .a great variety 
of types. 
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Tim niBlliod of symmetric components end the theory of lolnliui' 
fields are ilie main liiols for the study of asymmetric EGs. 

The laathimatlcaL description of energy conuersion in symmelrtc 
ECs represents a particular cuse of the analysis of asymmetric ECs, 
For iliis reason it is not always judicious to extend the ucliievemenU 
in the llieory of aymmelrio,machines into the area of asynnnelric 
machines. On the whole, whatever the complexity of asymmetric 
machines and however diverse the asymmetric conditions in which 
they operate, the analysis essentially involves the study of Ihc air- 
gap field. For the solution of the prohlems slated, the researcher 
must of course lliotoughly deffno the air gap in which the magnetic 
field stores energy and thei'i give the mailicmalical description of 
energy conversion processor. 

Ill an asymmetric macliiiie operating on symmetric voltage supply, 
tlie air gap conuiins both a 'forrvard (positive-aequeriw) and a back¬ 
ward (negalLVo-sequeiice) field, In three-phase and mnltiphnse ifia- 
cliiiies, ioro-sequonce fields 'appear under certain conditions. Asym¬ 
metry is responsible for the buildup of a zero-seguence field in the air 
gap. The .study of energy conversion in asymmetric machines in a first 
appnmmation reduces io sotuing the ctcctromechunicnl equations for 
the two fields in the air gapt 

8.2. Elecirical and Magnetic Asymmetry 

The torque in a syiumetrlc machine resuKs from the products of 
sliilor and rotor currents aitjng different reference axes. In Hiis ma¬ 
chine. the staler and rotor current products along the same axes 

/ii;-l|j£ (8.1) 

do not give rise to the torque since the sum of tei'm.s in (8.1) is zero. 

In an asymmetric macliiijo, the current products along the same 
a.vis do produce liic torques which i.s ilefinsible on the assumption 
limt llie miTisial inductances between the stulor uud rotor pimse wind¬ 
ings are identical: 

.1/. = (m 2) M It^i'a - i'«<5 + iS./;-iRt&) (8.2) 

In (letcrminiiig the torque iii an nsyminolric luachiiiD with consider- 
ulion for a difference between the mulnnl induclancos along the 
machine axes. It Is more judicious to define ilm torque in terms of 
riu.x linkages. ■. 

Tn the general case, the muthorniilical description of energy con¬ 
version ill an BByinniettic multiphase multipolar inacliinc involves 
the aoliillon of Eqs. (if.H) liu'ough (3.12) for the generalized energy 
rojivcrler. In going from a pimple to a more complex oiatlieinaticiil 
analysis, it makes sense to consider some parliculnr cases involved 
in the Study of asymmetric inacliine.«. 
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Consider h Iwo-phase inachine in which ii>i ^ «>(5, ibe number of 
slois per pole and tlic number of slots per phase are different, and 
the conductors differ in cross section. 3'hcsc conditions promote mag¬ 
netic asymmetry which shows tip as j 
a different saturation along oacli 
reference axis of the machine. Both 
electrical and magnetic types of K 

asymmetry are responsible for the —> 

difference between the parameters 
along the machine axes (Kig. 8.1). \ 

If the machine rotor is syinmet- ^ V'N 

Tic, we need to convert one stator / \ 

winding to the other and handle the / I B. o 

transformed equations for the rotor "t 1 

winding, \ j 

Introduce the conversion factor N. i ^'y 

ilk = - j - ^ 

pjg g_j_ fjiy nioiiji of an energy 
W'here M gbOud M are the mill iial converter with electrical aeymaietry 
inductances between the stator and 

rotor windings shown in Fig. 8,1; Siid ku and kji are the factors 
that account for asymmetry between phases B and A, 

Define the mutual inductances along the a a.xis 


and along tho p axis 


Hence, 


M, = = M 

Mb = M.b - kM 


M = MaA = M COS 0, iWflb = MBB = kM cos 0 (8.4) 

M Ab — M BA M sin 6 , M Ba ^ Ma b = kAf sin 6 

This done, set up the voltage equations. First, express the flux 
linkages as 

= L^rf^ -f M (cos 0 ia — sin 0 fj,) 

Vs = -f kM (sin 0 fa -i- cos 6 it) (8.5) 

Va = + M cos 0 fa + kM sin 0 it, 

'Fs = — M sin 0 f* -f- kM cos 9 f(, 

The electromagnetic torque can be; defined as a partial derivative 
of the total stored electromagnetic energy with respect to the geo- 
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motric angle: 



Me = pdie,„ld^ 

(8.6) 


2}£^— i. Jo/ii /;s\2 



+ + 2A/ - W)} 

(8.7) 

1 tere 



dl'eJdQ = {dt^lda) (dslOQ) 



= — (OJ’tKilds) (a,yw,M,) 

(8.8) 

where a, = 
Similarly, 

d<Or'dl is the angular acceleration of Ihe rotor. 

(jlon'dQ = — (dlip'ds) (flr/tO.Mr) 



(Olg/dd) == — (Olilds) (fl,/«,Wr) 

(8.9) 


Considering that 

dloa'da =t. 0 and dl^^lds — 0 


llic torque equation becomes 

i3^,l{/&)-+(>W + 2A/(A:iSi;-i;i5)} (8.10> 

Expression (8.10) contain^ two components, of which the first 
is a function of the change in the rotor winding leakage inductance' 
and the second is a function of the change in the air gap energy. 
Tlic energy stored up in the rotor leakage field with a change ia 
acceleration lakes part in energy' conversion. If it accounts for a 
large siiare, the leakage field energy adds to the torque and should, 
be taken into consideration in the analysis of the transient. In the 
steady-state conditions at i'bich a, = 0, this energy component 
e.rerts no effect on the machine torque. 

If we disregard a change in the leakage field energy, Eq. (8.10)' 
will assume the form 

.W, = pM (feijii - (8.11) 

An asymmetric machine is often made complete with phase- 
sliifiing elements inserted into one of its phases. These are commonly 
capacitors and resistors. The voltage equation for the phase incor¬ 
porating a capacitor of capacitance C has the form 

«J = u;-(l/C) j 

' Witli the capacitance C and series resistor r, added to the circuit, 

ui^ui-(l/C) ( 8 . 13 > 
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On inserting Ihe starting capacitance C,) and operating capacit¬ 
ance Cop in tile circuit, the voltage equation becomes of the form 

uS=«l-[l,'(C„ + Cop)l J i^dt (8.14) 

The models for the solution of equations of nsymroelric niacliines 
are similar to those set up for ordinary machines. In the analysis of 
energy converters furnished with cap'ac.ilors or series resistors, the- 



Fia- 6.2. The setup involving the starting and operating capacitances for the* 
solution of equations on an analog computer 



Fig. 8,3. The setup for the solution of E!q. (8.13) on an analog computer 

model must incorporate operational! amplifiers. For example, im 
solving Eq. (8.12) for a motor with (7,< or Cop, the model has to- 
Include an additional setup By to cub out C,( (Fig. 8.2). The model 
for (8.13) with C and r, should he fUted with an attachment such 
as in Fig. 8.3. 

With the mathematical model set lip ou an analog computer, we 
can investigate the effect of the paramotors of the machine ami it.s 
phose-shifting elements on the static and dynamic, characferi.stics. 

8.3. Special Asymmetry 

To build up 11 circular field in an energy converter, tho -windings 
must be at certain angles in space tvith respect to each other. In 
a two-phase machine the angle between the windings is equal to 
90 electrical degrees, and in an m-phajse machine it is equal to 2jthn. 
In the general case, the angles between the windings can lake any 
values, thereby causing spacial asymiiietry in a machine. Any nsjun- 
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nielry, the spacial one included, gives rise to a negative-sequence 
field in the air gap. ‘ 

Imagine that one of the windings in a Iwo-phase machine grad¬ 
ually turns from its original location at 6 = 90° to a position at 
which 6 = 0 (Fig. 8.4). As the winding goes on moving, the air 
gap field converts from the c^ircular to the elliptic field and then to 
the pulsating one at 6 = 0. As the windings move with respect to 



Tig. 8.4. Ilhistrating the motion of windings with respect to each other that 
results in the conversion of the circular field to the pulsating one 

■each other, the amplitudes of the positivo-sequence and negative- 
sequence field components of the elliptic field undergo changes. If 
the winding axes are coincident, we can superpose one winding on 
the other and construct the 'jnodol of a single-phase machine. 

At spacial asymmetry, 

^Ao = ^oA = M co^ 0, Lau = Lua = a/ sin 0 

(8.15) 

f-/nb ~ ^bB ~ sin (6 0), Ij ga = IjQ s = .1/ cos (6 — 6) 

For asymmetric windings shifted in .space, the flux linkages of 
pliDse assume liio form i 

'''■a = LaIa + La siB ^ M (cos 0i„ - sin Otj.) 

'f'B = L^lg -h Lba^a + Icos (6 — 0) -H sin (6 — 0)4^) 

= LJb 4- Af cos 0<A + kM cos (6 — 0) (8.16) 

'I'h = Lbib — A/ sin 0j^ 4- kM sin (6 — 9) / ^ 
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lf>l 


In transforniing the sot of equations to the ot and p coordinate 
axes, we should remeraber that 

‘a = fa- fs = 4 Ros 6 + ij sin 6 

Referring to (8.10), the electromagnetic torque of nn asyminetric 
machine at an arbitrary angle of 6 is given by 

M, = pM I — intj (1 + A-cos^ 6) -f 0.5A sin 26 (fifa 

— ijj5)4-AsinS6/S<^J (8.17) 

The feature uouimon to nU asymuietric machines is that they 
display au elliptic field. Sotting up the models for the equations of 
asymmetric machines ou a computer, we can analyze boil* I he trans¬ 
ient and steady-state performniice of the energy converters. The anal¬ 
ysis of static characteristics enables us to compare the potonliallties 
of amplitude control with those of phase control, clarify the effect 
of pliase-ahifting olemeuts nnd machine parameters, etc 

In comparison irttk syninietrlc machines, asymmelrlc machines in 
dynamic operation show a greater iwnuniforinity of the angular veloc¬ 
ity, higher peaks of the torque, lower no-load speeds, and longer trans¬ 
ient times. 

The positive-sequence and iiegatlve-.SGquDnce fields present in 
the air gap of a machine impair its static and dynamic characteristics 
as against those of a machine with a circular field. The analysis 
that disregards the effect of upper harmonics in an elliptic field 
gives errors to within 10-1.5 percent. In the presence of two field 
components comparable in amplitude, these errors arc greater for 
an elliptic field than for a circular field if upper harmonics and eddy 
currents are not takon into consideration. 

The dynamic behavior of salient-pole synchronous machines at 
asynchronous starting depends on the rotor position at the instant 
of switching the machine into the supply circuit. 


8,4. Single-Phase Motors 

Single-phase motors operate from single-phase power supply sys- 
tein.s and find wide use in domestic appliances. Rarer uses include 
traction drives. 

E.vamine an ideal single-phase motor whose air gap e.vhibits only 
n positive-sequence and a negative-sequence field. Such a motor 
has a Uniform air-gap structure, a dislribiited sinusoidal winding, 
and is free from saturation. In a real motor, this type of winding is 
impossible to build up, .so the air gap always contains a spectrum 

1I-0M7S 
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of upper liarmonics. Along witli ordinary sp.ico haimonic.s, (lie re- 
flerled waves ot (he niagiielic field appear in n aingle-plmsc motor 
heriiiise llie single-pliasc ■wiiidinp; occapies only n portion of the pole 
pitch ill rontrasl to two-phnsc, three-phase, and nuiltiphnsc windings. 
Arranging the single-phase winding in all slots is ecoitomicnlly 
impracticable. 

1)1 an ideal single-pha.so inolor, the ptisilive-sequence and ncgntivc- 
soqueiice stator voltages nro equal and their ainplitndes come to 
half the araplltndc of Iho impressed voltage The parameters of the 
model of Fig. 3..'^ for the positive-sequence and nogotivir-seqaeuco 
components can be the same. The processes of energy conversion in 
the motor iiiidei' study are de“a'i'i1ialile hy Eqs. (4.8) (hi’otigh (4.11) 
under the conditions .specified above. 

Tf the posilivo-segiieiice and the negative-sequence field.s are 
equal in amplitude, ihe motor does not develop a starting torque. 



Pig 8.5. 8ingle-phaso iiidiicllon oiutnrs with a stioiliil sliadtug loo|t on die 
pole (o) and asymmetric niugn'.lii hs'^leiii (6l 


It is then necessary to reduce the negalivc-Reqnencc field and thus 
to produce the differenec between the torques duo to holli fields at 
iS = f, the dilference being tlie starting torque. One of the steps 
taken to reduce the negative-sequence field and bring the air gap 
field closer to the circular field patlern is to use an additional wind¬ 
ing .shifted in space with respect to the main one and incovpinnle n 
device to .secure the time sliifi between (he currents in tlio two uind- 
ings. A capacitor is best tuiited for tho purpose. A eingle-plia.se mol or 
having (wo windings one of which tordains a starting capncilnr 
i.s li'iowii iiS a capacitor motor whose circuit, di.'ier.’nn is slinwii in 
Fig. 4.7. 

Of the asyiiimr-irii-inolers. the .simplest iu ilesigii and ino.st pop¬ 
ular is a single-plussc motor with shaded poles (with a shorted .shad¬ 
ing loop oil the pole), such (ts illuslrnted in Figs. 8.5 and 8.8. De¬ 
spite the fact that tlie motor design is simple, the malhemnticnl de.•^ 
CriptiOM ol energy conver.siQn processe.s in this motor is most coin* 



8.4. Sing)e«Ph5>e Motors 


163 


111 a sliorl-circuiled loop 4 (seo Fig. 8.6) orningeil on a pole 2, 
a change in the Xlu.x proiliiced by a winding 3 gives rise to a current 
shifted in time with respect to the field winding current. Since the 
windings are displaced in space (sec Figs. 8.5 and 8.6a) and Ihe 
currents are shifted in time, a traveling field appears in the gap. 
This is an elliptic field with a rather large negative-sequence com¬ 
ponent. TJie iiitoractioii between ilie stator currents and the currenUs 
in the .sliort-circuiled rotor i provides for the starting and driving 
torques. 

For the model of Fig. 8.6n, energy conversion equations can be 
set up, given the parameters of windings u4 and {/"p and aJ.so the 



Kig. 8.b. Iiidurlioo motors with one shorlwl 1 oop on Iho pole (o), a few shorted 
loops on the polo (i), and nsymmetric magnetic system (c) 


posit ive-seqiieiue and negative-sequence voltages in the circuit mod¬ 
el with windings spaced 90° apart. 

A single-phase motor \viLl» two or more closed loop.s on the pole 
(see Fig. 6,6/)) is mure difficult to analyze than the motor with a 
single loop, for we then need to fonn|ilatc and solve llie equations 
for an oaymmotric miriliwinding machine with an elliptic field. Here 
ifj' and iVji" arc equivalent windings shifted through .aiiglc.s 6' and 6' 
respectively. 

Eddy currents exert a considerable effect on the characteristics 
of a.symmelric sitiglo-phnse rnolor.s. These currents can be put la 
use 80 that a motor will have a .sufficient starting torque, fn Fig. 8.6c 
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is shown the motor with sn asymmetric, magnetic sysiem. fn the 
laminations of poles 5 there appear eddy currents due to a change of 
the flux in the single-phase winding placed on the longitudinal axis 
of llie machine. These currents are in time displacement with respect 
to currents in the field winding 3, and eddy current loops are in 
quadrature with each other (see Fig. 8.t). In comparison with mo¬ 
tors with shaded poles, si'ngle-plmse motors with an asymmetric 
niBOTetic system can have better energy characteristics and are 
well adaptable to driving household fans. 

In salient-pole machines the magnetic field energy concentrates 
within the pole pitch. The difference between permeances in llie area 
under the poles and in the space between the poles (between the 
rotor and pole pieces) causes the appearance of reflected waves which 
worsen the characteristics of single-phase motors. 


8.5. The Electric Machine as an Element 
of the System 

Electric machines generally serve as functional units of electro¬ 
mechanical systems. If an energy converter operates from or into 
the bus of infinite power, we can treat the processes disregarding 



Fig. 8.7. The simple representation of aa oloclromechaoical system 
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Fig. 8.8. The two-phase energy converter as a two-channel (ourporl showing the 
positive-sequence and negative-sequence voltages uj,, Up and u%, respectively 


the parnmeiers of eleinenis connected to the stator and rotor circuits 
(Fig. 8.7). In the figure, Z, and Z, are nsyrametrie muitiports re¬ 
presenting the elements connected io the stator and rotor circuits 
respectively. 
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In the nnniysia of a iwn-phose macliine as an flomanl of (he sys¬ 
tem, it is convenionl to represent lil ae a Iwo-chaimel fourport 
(Fig. 8.8). A three-phase njachine can be treoterl a.- a threeporl net¬ 
work. ' 

Knowing tlie paranictepa of Ihe circuit tnofiel for llie positive unci 
Ibe negative sequence, we can tleloripino the positive-sequence and 
negative-seqnonce currents using iho ntelhod of aymmelnc coropon- 
ents. Given the pupaiiieiers of fciurporls connected to the stator and 
rotor of an aaymmetiic machine, we can estimate the positive-se¬ 
quence and nc'gai ive-sequenoe rutTeiits with due regard for the para¬ 
meters of multiport not works. Disregarding the processes of con¬ 
version associated with luuUtports, it i3 possible to solve problems 
for estimating lh« cJiaracteri.stics of an asymmetric energy converter 
supplied from a noiisinusoidal source via asymmetric multiports 
connected to the stator and relor, Tlds type of studies enables the 
analyst to compile tables for various a.syiiimclric connect ion networks 
and tonnnlale e.vpressioji.' for describing the sleady-sttite perfor¬ 
mance. 

VVe cannot., in tho space available, cousider the completi equations 
for the internal impedances of electric circuit elements connected to 
the stator and rotor circuit, and only note in passing that in snmo 
cases fairly largo errors may uri.se it and Z, are not taken into 
considuralion. 

A useful approach to the study of an nsyininoiric irtarfiine is to 
reduce the muihine to u symmetric one with a iwoport that includes 
an impedance AZJ or AZJ, .and thus allows for asymmetry. A powerful 
tool for the study of the behavior of an electric raachine as part of 
the electronicclianiral system i‘ the tensor annly.sis first employed 
for the purpose by Gubriol Kroii. 

Thus, tlie probloni.s involved in the armly.sisof aayramotric mncliiues 
supplied from a nonsinugoidal vo I la go source call for llie lurmula- 
tion and solution of equations w'ilh duo regard for eddy rurrenu, 
ttsymimclric windings on the stator and rotor, etc. tn the system anal¬ 
ysis relying on multiierminal repreaeiitation, LL is possible to treat 
as inulliport.s any objects ronnecied to the niochanicnl and thermal 
terminals of an electric machine and tlius go to a more detailed 
description of energy conversion prhccssec*. In solving technical 
problems, howcvei', the researcher must not complicate the mathe¬ 
matical model. His objective is to handle the task in the allotted 
time and to the specified accuracy .so hs to give the answer satisfying 
111 © custoincr's roquiremenl.s. The art of attacking the problems in 
the original way over the shortest, linie period natur-slly comes from 
the skill and experience of the engineer. 
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Chapter S 

The Equations for Electric Machines 
of Various Designs 

9.1. The Mathematical Models ot Energy 
Converters with a Few Degrees of Freedom 

As is known, the olectromechanical energy converters with one 
degree of freedom are electric machines having one rotating member, 
namely, n rotor. The energy converters with two degrees of freedom 
are electric machines in which both the rotor (rotors) and .stator are 
rotating members (Fig. 9.1). Tliese are double-rotation machines 
described by the equations 
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Afj= pA/(i^ij —i^ig) (O.t) 

{Jrip) {dtar/dt) = A/„ — Mrr (9-2) 

{J,lp) (dou'dl) = M, - Mr, (9.3) 

o) =p Wf -)- CO, (9.4) 


Equations (9.1) through (9.4) for an electric machine with two 
degrees of freedom differ from equaliuns for a conventional machine 
(with one degree of freedom) in lliat the voltage equations contain 
llie terms defining the cmf of rotation of stator and rotor windings. 
Eqs. (0.2) and (9.3) include moments of inertia of the rotor and stator, 
Jr and J,, and resisting torques on the rotor and stator, Mrr and Afr,- 
The system becomes determinate under definite conditions (9.4) 
set up for llie rotor and stator velocities. 

Energy conversion in the maciiino of Fig. 9.1 occurs in the ait 
gap and the electromagnetic torque on the rotor and stator causes 
those members to rotate in oppo.site directions. In the .steady-state 
operalinn. the distrihnlion of velocities depends on llie load torques 
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exeiied on Llic rotor and coiiiUer-rolor. Untlor overload conditions, 
oue of tlie rotors slops runiiine Hi’fl llio oilier, load-free rotor, begins 
to accelerate. On stvilcliine an energy converter, in which both tho 
rotor and slator aro able lo rotate, into the supply ciiciiit, <o, and 



Fig. 9.U The raaehlne svilli two degrees ol frccrlom 
I — Imifr rotor: s — outer rotor: 3 — slator 


(Uj that set in at no lunil become rnnclion.s nf Die inomenls of inertia, 
/, and J,. With a large increase in one nf the moments of inertia, 
a rotor willi a lower motnoni of inertia .starts accelerating. In llio 
energy converter of (lie above 
typo, it does not mailer where tho 
energy lliat the air gap receives 
comes from since eitiiertif the ro¬ 
tating members of tlio macliine 
lia.s n contact arrangement. Sneb 
a macliine has limited opplica- 
tion-s, Ibongb some of its fen Hires 
deserve considerHlioii. 

Let ns turn oiir ulleni inn Ui an 
electric macliine with three tleg- 
recs of freedom (Fig. 9.2). in tliis 
machine, the rotor in the form of 
a sphere is kept suspentled by Itio 
action of superconducting loops 
■ibove two seraicircnlar .slaloi's. 
oue being turned 90^’ with re.spccl lo the other: tlio macliine wirulings 
produce two traveling ficfd.s. Depending on the torques produced by 
the suitors, tlie sphere can rotate in a three-dimensional space. 

An electric machine with three degrees of freedom is described 
by eight voltage equations which can be represented in tlie form of 
a matrix 

lul = [Z\ I/I 

Tlie impedance matrix for two immobile stators has four rows where 
tlie emfs of rolation are equal to zero. If we neglecl llit' magnetic 



Fig. 9.2. The cnorjy converter with a 
spheric^ rotor 

I—jplicrlciil rnior; I — flrilJUlor; J — wc- 
ond niaior 
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coupling between tlie two stators, tlie voltage equations I'or this 
machine hocome similar to tlie voltage equations for a machine with 
an olliplic field. There are three equations of motion: 

(diOrJdt) = ,1/,, — (9.5) 

iJry^P) (dli),y/dt) — .17 — M ({l.C) 

(Jrt P) (do)ri/dt) = ,V„ - ,l/„ (9.7) 

Kero drxt drgt and Jtz are tlie rotors moments of iiterlia along the 
/. Jl, and aaxes; tOr^, and,<i),i are tlie rotor velocities along the. t, i/, 
and s axes; .W,x, Mcy and, A/„ are electroinagiietic torques along 
the a. y, mul s a.xci; and .1/,,, .V/,j,, and .1/^^ are resisting torques iiloiig 
the .T, 1 /, and s axes. 

As we did for the maihine with two (legjees of fmodomi hero we 
need to introduce one more equation in order that the s.vslem of 
eqiiatinns for the inachino under study .should he deterininalc: 

eir... + <Ur|; + (a,i — w (9.8) 

7'hits, twelve equations, namely, eight voltage equations, three equa¬ 
tions of motion, undoneleluclly equation dc.icrilte the processes of energy 
conversion Ui a machine with three degrees of freedom. 

For a synuuelric mncliine at ,1'/,* = 17Eqs. (9.5) 
Ihrough (9.7) become simpler. When .!/„ = .1/^^ = .17.and J = 
~ Jry = dr,< Ihc Velocities along thn axes me equal to 

= Wra = M,, = (j> :t (9.9) 

Machine.s with n spherical rnloc find application in navignliuil 
devices. If one of the stntors is made lo revolve about tlie rotor, 
the iiiacJiiue so dc.sigiied shows four degrees of freedom. If two sta¬ 
tors revolve independently nboul tlio rotor, (lie mncliine will bavo 
five ilegrccs of freedom. If w;e rigidly connei'l two siaior.s and allow 
them lo revolve about the spherical rotor, the inactiiiin will have 
si.x degrees of freedom. 

Ila.sed on the equations for a inacliine with three degrees of free¬ 
dom, it is easy to increase the nuinher of equations and llnis de- 
scrihe a liypotlioticol machine with n degrees of liccdom. Sucli a ma¬ 
chine can be Uiotiglit lo carry a few wiiidiiig.s on the stator and rotor, 
operate from nonsinusoidal supply, and exhibit noniinearities. For 
its description, we would need to derive an infinite number of voltage 
eqiiuliuiis and equations iif motion, which would be (lie most general 
equations of eloclronieclianical energy corivorsion. 

Regarding typical equations, we should note timl the above 
machines are descrihable by the even and tlie odd set of equations, 
while conventional machines need the odd set of equations for their 
description. 


9.2. Llnaar Energy ,Convoft«n 


J6» 


In an clcctrii; machine with n degrees of freedom, the elecl.rome- 
rhanical energy conversion degenerates because the angular velocity 
tends to zero as n approaches infinity, so that the energy converter 
becomes an eloctroinagnctic converter. 


9.2. Linear Energy Converters 

There are tniiiiy design versions of electric drives in which actua¬ 
tors execiilea rociprocatiugmotioii hy virtue of U»e mechanical trans¬ 
formation of rotational motion of olecLrir inarhines. It is In lie- 



thought that an energy converter lia.'> good cliararlerislics if it dis¬ 
plays elnclromoelianical re.sonunce, i.o. its design is such Hint only 
a standing wave appears in the air gap and reflected waves niv not 
present. Linear energy converters ore low-purforaianco devices, so 
their uses arc juslifiabie only w'liere n rotating niacliine with a me- 
chonica] converter is unacceptable, 

A linear EC i.s a design oslonsion of a c.onveiilinnal converter 
(Fig. 9.3«). Evidently, if we first build an EC with a .segmental 
stator (Fig. 9.^6) end tlien increase the segment radius to allow it 
to go to infinity, a linear motoi will result, .sueli n.sshmvn in Fig. 9.3c. 
Linear converters find rare tises for work in the generaliiig mode, 
though there are the coses of application of liucnr convei’ters in 
practice as generators to transform the energy of the reciprocating 
motion of a diesel engiue's or steam engine's rod into electric energy. 

Linear motors come in asynchronbns or synchronous types de¬ 
pending On whether they upenile from an ae or dc source. The design 
versions are no less diverse than l.ho.se of ordinary motors. Various 
conalructions arc adaptable to perform the function of a rolor, such 
as a steel .slieet of infinite length, a car moving along the .stator, or 
a magnetic Uc[uid. 

Ma.xwcU's equations and the model such as in Fig. 9.4a form the 
basis for the mathematical de.scription of energy conversion proces- 
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ses in linear motors. The plots of permeability p and ils derivative 
versus space coordinate A. = duldx are shown in Kig. 9.4b. 



Tlie iiistiiiitaiieoiis electromagnetic force acting on the working 
memher of a linear motor is given by 

(9.10) 

V 

The integral ion over the volume comes to multiplying the width 
2a of the working memher hv the value of the normalized air gap, 
4 ': 

U^2a(>' \b[,(Ix (9.11) 

where B is tho magnolic fins density in the air gap; and is the 
secondary miri’cnt in the area of tho field 3triicl)ire. 

Tho instnntniioous value of the electromagnetic power is 

P.^=\Er^da (9.12) 

Designing linear motors involves many difficulties because the 
unusual consiruclion along witli the reflected waves present in the 
air gap makes tlie determination of the field pattern in a real machine 
a rallior complicated problem. 

The design procedure for linear motors often follows the same 
guideline as for conventional motors, using the coefficients to ac¬ 
count for poorer energy characteristics due to edge effects and other 
specific features of operation. The voltage equations are set up in 
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the same manner as for an ordiuai-y asynimelric machine with due 
regard lor the coefficients depending on the design of Uie linear 
motor.. Tlie driving force is found proceeding from the assumplion 
tiiat the powers iu iho roUUional and iranslalioiml motion are equal: 

Af (1/p) 2 jt/ (1 — Sr) = F2^f (1 — s,) (!1.13) 

wlioro Sr and s, are the slips iu rotational and irsn-slationiil inotion 
rc-spec lively. 

Such an approacli certainly gives very approximate results, but 
it can prove valid in tentative coJcnlatinns and also in tlie cnlrnln- 
tion of multipolar macliitie-s. 

Linear motors have recently found use in high-speed transpuil 
facilities riding on a magnetic cnsliioii. In tlie transport sj^alems of 



Fig. O.S. Ad elcctrte cauiiull 
i staiur. s rolidf 

this typo, llie stator is a long line extending into lens and litilldreds 
of kilometers and tlie rotor is a car suspended above the line bed. 
lu designing magnetic-cushion transport vrlncies, the engineer lias 
to solve llie pi'ol)lom.s of control and stahiliiation (levitation) of a 
pessenger car. let alone llie problem of decreasing tlie cost of .such 
a transport system. 

In the area of linear motors there are yet many complo.\ prob¬ 
lems that await their solution, of whicli the mo.sl complc.x one comes 
to the following. As far back as tlie middle lH30s electric catapults 
were built with tlie aim to impart an additional acceleration to 
flying vehicles (Fig. 9.5). VVhila in ground transport syslems the 
gap between the bed oiid the car rrtust be kept ncciirate to a high 
degree, in catapulting the gap is made to vary (the rotor flies into 
space and the parameters in eqtiations undergo changes). In the 
latter case there is a need tor calculating the driving force and acce¬ 
leration. More difficult problems arise in an lUtempl to bring llie 
rotor hack- and take off the definite amounts of energy from it to 
effect tlie desired deceleration. 

Although they ore not devoid of shortcomings, linear motors enjoy 
use in grapli plotters, mnnipiilalors of metal pieces, pushers, and 
in other electric drives, lleversing the motion of a linear nioliir gives 
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an oscillatory-ninliDii motor. The analysis of linear niolors finahles 
u-s to estonci the results In tielermine the rolatimi between electric 
macliinos and apparatus in which the driving elotnenls mainly ettec- 
ute linear di.splacemDnls with varying parameters nt electric circuits. 

9.3. Energy Converters with Liquid 
and Gaseous Rotors 

The stator of a linear tndtor can be built in the form of a pi|Ki 
inside of which a traveling field can be set np. In the pipe filled 
with a magnclic liquid or gas (a moving condvcturli the niiigiielic 



field will influence the motion of the fluid. If an ionixed gas plas¬ 
ma) or a magnetic liquid is driven through tlie cliautiel, we obtain 
an energy converter called a magnelohydrodynnroic (MHD) generator 
(Fig. fi.6). 

An MHD generator converts the mechanical (kinetic) energy of 
plasma particles to electric:energy as the conducting plasma flows 
through a channel 1 in which magnetic coils 2 placed alniigslde the 
pipe produce a niagnelic field B- The conductivity of the hot gas grows 
with the addition of an easily ionized ".seed” alkali nielal such as 
polassitini The motion of the plasma at a speed v in the magnetic 
field induces a voltage on electrodes 3 and gives rise to a current 1 
that flows in an e.vtemal circuit The load current coniplcies 
(Ls paiii across the channel and produces the armature fplasma) 
l•eaclio)l. ihoreby distorting the e.xciUng field and the longitudinal 
voltage component—the Hall voltage. The Hall emf £ is in a di¬ 
rection iiurinal to llie plane. B!. 

The process of MHD power generation can be of the open cycle if 
till? working medium passes through the channel only once, or of 
the closed cycle if the medium Is made to flow througli the generator 
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rep*.'atedly. An MHD gcnuralor uses an invertor to cltange ilirecl 
curn^Dt collecled on tlic rleclrodes to alternating current. The MHO 
chnnnel is built up oi segments, each being insulated From the other. 
Electrodes operate in heavy conditions and Uieir life determines 
the Service life of the generator. The pulse and short-time modes of 
operation show prouii.so as regards Ihp life expectancy. 

Mnenelit' hydrodynamics* that studios the motion of liquid and 
gaseous conducting media in a magnetic field belongs to eleotrnuie- 
chanios. for the interaction of a high-velocity conducting stream 
with a magnetic field causes the conversion of the kinetic energy 
of the stream into electric energy. 

A comliiciing medium that moves in an external magnetic ficlrl 
in a dirucljon normal to the plane Bu induces an eihf, so that an elec¬ 
tric energy of direct ciirrenl and ol low voltage ceii be taken off the 
electrodes. As in convenliotial energy converters, in MHO generators 
the load field exerts an influence an the exlornal field, witli the 
result that nmfs appear wliicii affect both the inoliuii of the medinin 
83 8 whole and the motion of individual portions of the stream. A 
change in the external B field also causes energy conversion (sue 
Fig. 1.13). The laws of elertromochanics also hold for MHD genera¬ 
tors. so ihostf converters certainly belong to electric machines. 

Much elfott ha,s bovu spent in the USSft ao'd USA for the develop- 
munl of MHD genoraters using plasma as a moving rtuidiictor. With 
ilu> ndvahcemenis in the field of fusion reactors, cosmology, and 
asiroplij'sics. a (urthur duvelopmetil of magnetic hydrodynamics 
bocomes yet more urgent. So far, MlID generators are inferior to 
coiivpiitionat energy converters from the economic and teclinical 
viewpoints, There are rather many modifications of MHD pumps 
and MHD generators, and more Improved designs are likely to be 
devised in the future. The mathemuCicHl descriplioii of onergy con¬ 
version in MHD generalor.s comes ip the simultaneous solution ol 
Maxwell's cqiialions dofiiijng electromagnetic processus and Die 
Navier-Stokes equations defining the processes in liquids. The 
siinoltaoBoiKS solution of the.se equations is only possible for simple 
cases involving laminar flows. 

[f we assume that all particles of a liquid move at a constant 
speed, i,e. tl'ie liquid behaves like a solid, the problem becomes sim¬ 
pler and the energy conversion processes in MHD generators can be 
treated using the equations for conventional electric machines. Such 
an approach was put forward by A, f. Voldek in 1957. 

The equations for eloctric circuits similar to Eqs. (1.34) through 
(1.37) iir (3.3) together with the equations of magnetic hydrodynam¬ 
ics give a better deaoriplion of energy conversion processes in MHD 
geueralors. 

The effactiuenens of an enargy conoerter unlh a liquid nr gaseous rotor 
depends on the magnetic field B and outflow uelacUy i>. Tlierefore, the 
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nsn i>f superconducting magnetic fyslctnfi wliirli produce (ligli niagnct- 
ic tfelds offers consicJernble promise for Improving tlio perfoiniBiu-e 
«f MHL> genera tors. Tlie kinetic energy of tlio stream liscs as a 
consequence of lieniing of the gas to 2 to 3 tiOi) K ami its nene- 
lorniinn as it leaves the uo^sie. 

Tim soliilioti of the ahovij profdoms in electrumoclmnics requiies 
the joint effort of llierinal pliysicisis and eloctromerliiiuiral engi¬ 
neers. For llio advancements in iliis area to be more tangible, Hiere 
is an mgeot need fur a profound learning of tliormni and electromag¬ 
netic fields and tlie processes of ennvorsion of energy from one form 
to anotl)er. 

Iti tbc lost yeors oleciromechanics lia.s suaiied iisitig inagnetirtiiig 
liquids (I'erromagnelic liquids), Tlieso ai-c colloidal liquids whose 
crilirni clmractorislics depend on the stability nud iir.e of particles. 
Magiiolliting tiqiiidu can perform the fiiuction of senla. Pcriiiuneiil 
inaciii't.s produce a field in tlie region separating a rotating member 
from a si.allooarv one. Fentiiiiiigiielic particles line up in Lite field 
direction and tliiia make tbci soal tigbi. This nppronch onable-s im* 
proving the seals without subslantml design vnTiatiou.s. Magnetising 
liquids find other, iJiongli limited. applJcalioos. Tlie reason is that 
Ihoy arc LOiisiderably inferior to oleclricHl-slicet steels in magnetiu 
pinporlies, 

Some Jtulil it viewpoint that MHD generators directly convert 
tbermol oiKugy to electric oimigy. What is meant here is that 
power generation dispen.se.s with a steam luibine which is a cnmmoii 
fe-'Uorc in the rln.islcnl cycle of convert ing bent to electric energy'. 

linergy converters arc niurtifold both in dosigni> .and principles of 
action. JJIccliic niacliinea are available whicli convert heal to electric 
or ineehanieat energy. These converters oporyte on the principle of 
clinnges in the permeability of ferromognets near the Curie point. 
A elningc in the indnclHiices witli Uimperatiirc c,sii3es a ciiange in 
the parameters of i.he winding. Mugnotic-theimal energy converters 
resemble parametric converters, since in both types enurgy conver¬ 
sion rasniu from clnuiges in the piLiamcters of the coefficients that 
enter into electromechanicol equations. Magnetic-thermal energy 
convertors were suggested by N. Tesla and T. Edi.suii as early a.s 
the end of the 19ih century, but they did not gam rocoguiUnn for 
the technical and erononiic reasons. The aean'h for new sources of 
electric energy has aroused more interest in lhe.se ECs in the last 
yi.’iirs. 

9.4. Other Types of Energy Converters 

Heat removal from an electric machine is as an important prnb- 
leni us tho improvement of its energy cheraclorlstics. In ventilated 
niaciiines, the fan rotates together with llie rotor and blows the oool- 
iog air over or Ihrougfi the machine. In low-speed Control motors. 
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lioTveveT, s\icli a cooling syslom is inofforlivv. Ucsigiiiiig a ninchino 
with two rotors can remedy the siLiialion (Fig. 9.7). An internal 
rotor 7 willi a large morncnl of Inertia servos to drive the fan and an 
e-tternol rotor 2 in the form of a linllonv ctip acts as the rotor propel 
of the control motor. The machine hasa cornmonstator 3. By virlue- 



Kig- 9-7. A two-rotor energy converter 

of the fact lliiil the rotor 1 has n low resistance, its speed hardly 
changes w'itli voltage, while Ihe speed of the hollow rotor depends 
on the voltage. 

The set of equations for n two-rotor machine includes two equa¬ 
tions of motion, with M, definnhie hy the priKliicUs of ciirrenl-s in 
the stator and rotor, anil si.\ voltage equations, The set of voltage 
eqiialion.s conipri.ses two eqnnlion.s for the .stator windings on Ihe oc 
and (i axes and four equations for the windings on the two rotor.?, 
arranged along the a and fl axes rc.speclively. The .system of eight 
equations describe.s the processes of energy conversion in this typo 
of machine. 

For the analysis of an energy converter having n rotors and a com¬ 
mon stator, wc need to form two voltage equations for the stator, 
2n voltage equations for the rotors, and n equations of mol ion. In 
all, the System wdll contain ,3n -f- 2 equations. The equations for nil 
n-roior machine can apply to an enengy converter with a liquid color 
under coi'tain assumptions. 

Dl.spjacing the rotor with respect to the stator, so that in the limit 
the rntnr almost, comos in contact with the stator, gives a new energy 
couvorier called a motor with a rolijng rotor (Fig. 9.8«). In this 
motor the rotor rolls by way of one-sided magnetic attraction. While 
in the energy converter with a uniform gap the torque is equal to 
the product of stator and rotor currents flowing in different phases, 
111 the rolling-rotor motor the thrust arises from the ctirrenls due 
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to one phase: 

Since jV/^ and differ substantially from each other in value, 
the thrust moment appears. The point of langency A (Fig. 9.86) 
revolves at the field velocity along the intier surface of the stator. 
The rotor revolves at a speed 

n, = n. (/?. _ Rr)fltr = 60/ {R. - R^VRr (9-15) 

Since a rolling-rotor motor is made two-polar, the rotor speed 
depends on the supply line frequency and the difference between the 




Fig. 9.8. Displacement of the rotor with respect to the stator 
<o) courentlonsl anarsrv converter! W rolllng-roior motor; fl, and W, - etalor and rotor 
radii rMpeeliwlT 


radii of the stator and rotor. The motor combines, as it were, a me¬ 
chanical speed reducer with an electric machine. This is a low-speed 
motor having a large torque. The disadvantages of such a motor in¬ 
clude enhanced vibrations and a short life of bearings. 

It should be noted that in a conventional machine, the products 
of currents in one phase of the stator and the rotor do not determine 
a driving torque, though these currents need be taken into account 
in the study of vibrations. In a rolling-rotor motor, the current pro¬ 
ducts of the above type do govern the driving torque. 

To this type of energy converter also belongs a motor with a de¬ 
formable rotor made from a flexible ferromagnetic material. As the 
field rotates, the rotor's deformation waves travel in synchronism 
with the magnetic field, so the rotor rolls over the stator interior at 
an angular velocity describable by the same relations as for the 
motor of Fig. 9.8. 
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If the rotor dinraeter is substantaally smaller than the stator 
diameter (Pig. 9.9), the stator field that rotates at u>, and acts od 
the rotor produces forces P, and Pj differing in magnitude because 
the field near the stator is much stronger. When pj:» P„ the rotor 
turns over and begins to rotate in a direction opposite to that of the 
stator field (see Fig. 9.9). This effect is easy to produce by placing 
a metal ball inside tho stator. 

The interactions are more complex if we place into the stator bore 
two, tliree, and n rotors (Fig. 9.10). In const meting the mathematical 



Fig- 9.S. A rolllae-Totor machtoe at 
Pi » P. 

Og and Op stator and rotor canters respec* 
lively 



Flig. 9.10. A three-rotor inachioe 
0^1 Og. and Oa rotor centera and 0^ ^ ata- 
tor bore centar 


model of such an eteclromechanlcar sy.stem, consideration should 
be given to llie effect of one rotor on the other and the interaction 
of each rotor field with the sUtor field. Practicsil applications of 
mullirolor energy converters are yet unknown. 

The fihovo-dt'scribed inodificatinns of energy convertors nre made 
possible by changing the design of a rotor. As mentioned earlier, ener¬ 
gy couvorsioii iu parametric devices results from the cliHiiges in the 
parameters of coefficients entering into voltage equations. 

In Eq.s. (1.34) and (2.3), the impedance matrix contains the terms 
of the form 

(d/dt) Li, (d(dt) Mt 

Botli currents and inductances usually vary in a harmonic manner. 
In transforming tho equations, one strives to make up the equations 
with constants L and M and varj'ing currents i. 

It is possible to ensure enorgj' conversion when i is constant and 
L and .If undergo variations. The equations then have the terms of 
the form 

i (d/dt) L, i (d/dt) M 

U-0117* 
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These arc a few ways of designing an energy converter in wliieh 
L and M may vary harmonically. A preferable dc.sign is the one 
shown in Fig. 9.11, wliero the air gap varies in a harmonic manner 
as the rotor is turning. This is an inductor generator which includes 
a star-shaped rotor I in which the number of slots is equal to half 
the number of slots in the slaW. As the machine keeps running, the 
field set up by a do winding 4 pulsates, thereby inducing the emf 
in stator windings 8. In order that the pulsations may not heavily 
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Fig. 9 . 11 . Ad inductor generator 


affect the torque and cause no vibrations, the machine is iiinilc com¬ 
plete with two rotors fitted on to the shaft 2 and disposed 90 eleclrlca 
degrees from each other. Such a marhiue has no winding" on ilu 
rotor, which is its advantage. 

Parametric energy convertbrs can also be divided into aynclirnnous 
and asynchronous types. They can operate at the first harilionic or 
at upper harmonics in motoring, generating, bmking. and linn.ifor- 
mer modes. Energy conversEon ncctirs in the oir gap. The winding.? 
that produce Iho field in the air gap can he cither on Hie slalor or 
on the rotor. The electroidechanical equations offer a mean.o of 
finding the ways for design of new EGs a.s well as of analyzing ECs 
that are complex in the principle of action from Ihc viewpoint of 
classical theory. 

Paiatnolrir. ECs available today hold an important place in the 
list (if oleclric inaehine.«. They include inductor generator," [or auto¬ 
nomous power systems, hf generators, low-speed motors, and other 
types. 

Among various design? of ECs, worthy of mention are electric 
machines of the corahined liype. The designs that feature Iho must 
efficient combination of electric and magnetic circuits include single- 
armature converters (synchronous motor-dc gencr.nlor units), three- 
phase transformers (units comprising tliroe single-phase iransformers). 




10.1. Principles of DuaUfnversy Bi<ctrocfyndmks 


179 


motors performing the functions of amplifiers such as magnetic am¬ 
plifiers and control motors, and a number of other designs. 

Tlio way of comhining various ^iBCtromechanical elements to 
form a desired aggregate is one of the main trends in eieclromechan- 
ics. Altiiongli combined energy converters were under study from 
the beginning of industrial application of electric machines and 
unique discovarins have been mode ropently in this branch of indus¬ 
try, much still remains to be done to produce new original designs. 

From the viewpoint of mathematical- theory, further development of 
ECi may take tfte course for the use of a greater number of voltage equa¬ 
tions [it] = [Z] I/! and equat torts of motion that would be more complex 
and of other forms. This does not rule out the addition of new equa¬ 
tions to the system of electromechanical equations that would bo 
compatible with the voltage equations and equations of motion. 
There Is a possibility of creation of energy converters for trans¬ 
forming thermal, light, microwave, and other forms of energy into 
electromechanical energy. 


Chapter 10 

Electric-Field and Electromagnetic-Field 
Energy Converters 

10.1. Principles of Dual-Inverse 
Electrodynamics 

Electromechanical energy converters act as concenlratnrs ol elec¬ 
tromagnetic energy and heat. The expression for electromagnetic 
field energy density is of the form 

W = (bbo^’ -f- ppo^f*)/2 (fO.l) 

where E aoA H are the electric field strength and magnetic field 
strength respectively; e and p are the relative permittivity and 
relative, peiweability respectively; e„ and p. are the permittivity 
and permeability of vacuum; and eegE^ and ppo/T* are the products 
that determine the energy density of the electric field and the mag¬ 
netic field respectively. 

Modern electromechanics mainly deals with magnetic-field energy 
converters, i.e, converters which concentrate energy in magnetic 
fields. The class of magnetic-field ECs has received most attention, 
and the great achievements in this area have contributed much to 
the progress in the science of the 20th century. 
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There are also electric-field energy converters, i.e. electrostatic 
converters with electrio-field; energy storage. They appeared earlier 
than magnetic-field ECs, but diid not receive recognition as ctjmraer- 
cial powersonrees. Much still remains to be done to bring the theory 
of this class of converters to the appropriate level. It seems reason¬ 
able to extend the results in the area of magnetic-field ECs into 
the area of electric-field ECs and then, given the mathematical des¬ 
cription of the processes of Energy conversion in electric-field elec¬ 
tromechanical systems, to design the converters of the desired 
performance. 

The equations describing the processes of energy conversion in 
magnetic-field and electric-field electromechanical systems remain 
the same after the interchange of dual pairs in tho following table 

Electric charge Q, - -> Magaelic churgo Qm 

Electric flux «- *■ Magnetic Ilux d>ml| 

Voltage u <“ > Current i 

Electromotive force « --—► MagaetomotWe force h 

The advantage of the concept of magnetic charge is that we can 
establish the dual of the equations for an electromagnetic field. 
The inalhomalical description of the phonomena in electric fields 
thus yields the behavior ip magnetic fields. Based on tho theory 
of^diial-inverse systems, we write down the following expressions 

e= - (^Jdt)^~(dVJdt)^ -{d/dl) [ Bids 

i 


h= - {dQJdt)^ ~~{d'¥jdt)^ ~{dldt) \ 'DdS 



(.dDldt)dSJr J {Dxv)dl 

L 


(10.3) 


JL J_df and vJ_Dd.dl, from (10.2) and (10.3) we get 

e = Blv (10.4) 

h^Dlv (10,5) 

where I is the length of a conductor In a magnetic-field EC that is 
equal to the width of an electrode in an elcctric-field EC. 

The phenomenon of olettromagnetic induction U pui to nse in 
magnetic-field ECs, and tliat of electrostatic induction in electric- 
field ECs. Similarly, using two-phase, three-phase, and m-phase 
systems of electrodes, we nan produce rotating electric fields, 
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The total energy of an electromagnetic field is given by 

W = \Ve+W„=0.5 ^ {ED^HB)dv (tO. 6 ) 

■» 

Here W, = 0.5 ^ EDdv is the energy of an electric field; and 

•B 

fV„, = 0.5 ^ HBdv is the energy of a mognelic- field. 

r 

The processes of encrgj- conversion in magnetic-field electrome¬ 
chanical sy.steius result from the interaction of magnetic charges 
imagnolic poles) and buildup of an clcelric field whose source.s are 
electric charges. Energy conversion in eiectric-fleld systems stems 
from the interaction of electric charges and buildup of a magnetic 
field whose sources are magnetic charges. 

The equations that can advantageously form the basis of the theory 
of electric-field ECs are the system of equations which are dual¬ 
inverse with respect to Mo.\weir 3 equations for moving media. The 
theory of this class of ECs may rely on Hie equations analogous to 
those for magnetic-field ECs. 

10.2. The Equalions for Electric-Field 
Energy Converters 

Proceeding from the theory of dunl-inverse electrodynamics, 
we formulate the following dual-inverse equations for the generalir- 
ed electric-field energy converter using Eqs. (1.54) and (1.35); 

ia 
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'■(16.^) 

M,= C (uiul — winJ) (10.8) 


Equations (10.7) and (10.8) follow from (1.34) and (1.35) after 
the interchange of u and i, inductances Z .^',3 and total cnpnciUinces 
Cafi, mutual inductances M and interelecfrode capacitances C, and 
resLstances and conductances gSfp. 
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The loUl capacitauce'Jincludes the capacitance C between the 
stator and rotor electrodos'and self-capacitance r£: 

Ci = C + <4 (10 9) 

The dual of the generalized itnagnetic-field energy converter is the 
generalized electric-field EG with electrodes at potentials ui.j 

instead of windings 
Electric-jleld ECs, like nwgnet- 
ic~/ ield ECs, include synchro¬ 
nous, asynchronous and, commu¬ 
tator machines, and also transfor¬ 
mers. 

Tn a synchronous electric-field 
machine the velocity m, = co,, 
and the rotor takes current from 
a dc ciroiil (Fig. 10.1). Electro¬ 
des A, B, and C (which replace 
windings) produce a rotating 
electric field, and interelectrode 
capacitance and self-capacitanco 
present in the machine vary in a 
harmonic manner with field ro¬ 
tation. 

The direct- and quadralute-a.xis equation for a synchronous ma¬ 
chines has the form 

il 

15 

‘i 


gi + {d!dt)Ci {dJdt)C 0 0 



{dldt)C g5+(d/dl)Ci C<a, 


«5 

-C<o, ~C5(i)r g5-i-[dfdt)C5 {d/dt)C 

V 


0 0 {dldt)C gi+(d/dt)Ci 


uj 

(10.10) 


( 10 . 11 ) 

Here uj. ui, w5. are the d-g stator and rotor voltages in the two- 
phase macnine; ij, ig.id, kre the currents in the stator and rotor 
electrodes; gj, gf, gi, are the conductances of the stator and rotor 
electrodes; represents total capacitances equal to 


A 



Fig. 10.1. A synebroaous electric- 
field machine 


C*4 = C-l-cr, 
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wliere cS]q repro.?cnls Ihe self-capacitanu«s du IIig stator and rotor 
electrodes; and C stands for capacilunces between the stator and 
rotor electrodes. 

An asynchronous clcctric-field machine comes from the synohro- 
iious machine il in the latter we replace the rotor by o dielectric 
disk or use a rotor that ha.s the same niimlier of phases as Iho stator 
and apply to the rotor a voltage at a slip frequency. 

A coinmutalor iiiuchiae can also be built from the synchronous 
macliine by inserting a commutator iplo its ac circuit. 

In an eiectric-field transformer it is an electric field that links 
the electrodes. The equations of this trfln.sfovmcr have the form 


x 


( 10 . 12 ) 



If _ ^i+(a/dt)c, (d/dt)C 
“ ((f/dDC gi + (d/dt)C,i 

Hero subscripts 1 and 2 stand for tihe primary and secondary res¬ 
pectively. The current (ran-Sforinnlion ratio depends on the num¬ 
ber of electrodes connected in pa- _ 

rallel or series. 

Melhemalical models are avail¬ 
able for the description of energy 
conversion processes in electric- 
field machines. However, com¬ 
mercial liigli-powcr converters of 
this class do not practically exist, 

This is because investigators have 
tried to copy magnetic-field con¬ 
verters in evolving electric-field 
types, though iho latter occupy a 
special place among other conver¬ 
ters and complcmeut the former 
rather than replace them 

The most original and success¬ 
ful design of an eJoctric-field 
energy converter is the coavoc- 
tive-lype V'aii de Graatf generator, 
also called the electrostatic acce¬ 
lerator (Fig. 10.2), in which a 
moving rubbor belt transports 
charges being separated out by a 
corona discharge from one tornii- 
irnl and deposits them at Uioother, 
thereby producing a lorge potential difference. Even in its appearance 
this generator differs from conventional ECs. It is a 6-kW, 15-mln V, 
1 000-mA setup 15 to 20 m high, placed in a casing and filled with a 
gas at high pressure, The generators of this type find use in tost units. 




Fig, Vaa de Graaff generator 

J - QbAruins «y&tcrti wUh cornna dlscbarB«| 
s — mavTng belt: s electrode plektru; up 
charges from bpil; 4 — hlcIf-ToUtige elec¬ 
trode (sphere): S — insulator 
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10.3. Parametric Etecfric-Field Energy 
Converters 

(n mugnetic-tlcld JiCs ihe mAgnetlc field energy is kepi stored in 
tile air gap thanks to tlic steel magnetic, core. Because of the low 
breakdown voltage of air, near .30 kV cm"’, the volume force and spe¬ 
cific power ofeleclric-fiold ECs is a factor of about 10* below those 
of magnetic-field ECs. ,\ltenipt.s were made to concentrate the energy 
of an electric field in liquid dielectrics. Academiclau A.P. Ioffe 
used kerosene for the purpose (i = 2). On tilling Ihe gap with a com¬ 
pressed ga.s. the electric field strength can reach fiOO kV cm**. Solid 



Fig. 10.3. An electric-lielii generator utilizing the energy of sen waves 

dielectrics and lerroelectrics offer still greater possibilities. The 
crystals of barium tilanaU* and potassium dlhydrophosphale have 
a permittivity hctwwn 9 X 10’ niul 9 X 10’. While magnetic-field 
ECs store the magnetic field ouergy in the air gap. electric-field 
ECs must concentrate the electric-field energy in litjuid or solid 
dielecli'ics, Since energy converters must have elements moving with 
respect to one another, electrlc-ficId EC designs provide for mechan¬ 
ical gaps or envisage the use of liquid materials to serve the purpose 
of a rotor. 

Parametric rlectrk-jield. energy converters operate on the principle 
of a periodic change in capacitance at constant excUalion voltage Ue. 
An evample of such an energy converter is a generator utilizing the 
energy of surt (Fig. 10 2), Many allempis to convert Ihe energy of 
chuotic mol ion of .sea waves to electric, energy by use of mechanicnl 
arrangemonls and conveiiUonal oloclric maebines have not led to 
tfie acceptable engineering solutions. 

The electric-field generator of Fig. 10.3 consists of a metal rod 1 
coaled with a layer of high-permittivity dielectric 2 and made fast 
on a base S. 3'hc rod serves as one of the capacitor plates and the 
sea surface acts ns the oilier plate. A wave changes the device capac¬ 
itance as it runs in at the rod and away from it: the capacitor charge 
varies at constant U,, thereby inducing an alternating current 
i — dg/cit at Ui that flows in the load circuit. Connecting sucli rods 


_ '0,4. Pletoeledric Energy Convefteri _ 

in pnrallo) and rcclifyiiig Ihe current can give a siibslantial power 
at the oolpnt. 01 cotu'se, such a geaerpior differs from the convent¬ 
ional type, but it also belongs to oloelromechanical energy convert¬ 
ers. 

Of interest are electric-field muchineB with a liquid or gaseous 
rotor. 'I'here is a possibility of creatiiig such machines that would 
tiave high outflow velocities (above tlio sound velocity) and strong 
elerlric fields. 

It does not seem riglil to iliink that clocirtc-field ECs may replace 
some conventfonul olactric machines only where liie latter do not 
produce llie desired technical effeco. Electrir-field ECs nro likely 
to ftnd use in original applications in (he near fulnre. 

10.4. Piezoelectric Energy Converters 

A inechaDtcnl stress nppliod In a r,erlain diroction to the rryatals 
of qttaid?,, barium tilonaie, Rochelle isalt, and others produces iho 
electric charges of opposite sign of Uie crystal faces. This phenome¬ 
non is known as Hit piesoeleettic effect, In quart?., Ihl.s effect shows 
up along the clocti'ic axes of the. pierocryslnl and normal to its 
principal optic axis. A oliange in llic ilireclloti Of stress placed on 
Uio cryslol cnw.ses iho rlmrgca of reverse sign. 

A reverse piBiooleolric effect occurs under the influence of an 
electric field, which cimnges the linear dimensions of u crystal. 
Changing Iho oleclric field direction reverses llie sign of mechanical 
stress. 

The sludios on piezoelectric materials reveal llie linear relations 
between tho deforinnlion and charges at certain mechanical stresses. 
At strong stresses the relation Iiecomes nonlinear, so that Iho cry.s- 
tal displays a dielectric hysiero.sis which re.semliles the R-H hyster¬ 
esis curve of 0 steel con?. 

Piezooleclrie energy converters ore suitable for use as pulse gene¬ 
rators in ignition syfileiiis. AttompU? aro made to employ these 
converters as Itf pulso motors. Although the strains in crj’stals are 
negligible, there is a possibility of trahslating them into tlie desired 
linear displacements. 

Piezoelectric ECs have two eloctrital and two niaclianioal lennin- 
■Is. Eloclromechanical resonance is ot particular imporlonce lor 
these devices. As in other electric-field ECs, in piezoelectric devices 
tho onergy conversion lakes piece ill a ciystal, E?ton<ling the find¬ 
ings in eluciromachnnies into the nrea of piezoelectric ECs. we can 
assume that the T equivalent Circuit which includes capacitances 
and conductances is applicable lor the representation of the intrinsic 
resistance of these converters. 

Ttie processes occurring in piezoelectric converters follow the 
basic laws of electromechanio.s and are amenable 1o the description 
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in terms of the theory of eleelromechauical energy conversion. Apart 
from the piezoeleclric effect, a magnetostriclive effect occurs in 
certain ferromagnetic metals, which appears as a change in the vol¬ 
ume and form of a ferromngnol when placed in a magnetic field. It 
is possible to create magnetostrictivo vibrators utilizing the pheno¬ 
menon of inagnelosiriclion to convert ihe energy of a magnetic field 
to mechanical energy. The reverse magnetostriclive effect also oc¬ 
curs, which shows itself as a change in the magnetization of a fer- 
iTomagnet when subjected to compression or tension. 

Both the theory and the practice of implementing piezoelectric 
and magnetostriclive energy converters cannot as yet boast of great 
achievements. These converters are of much practical interest and 
ere likely in find wide appfications in the future. 


10.5. Eleciromagnetic-Fieid Energy 
Converters 

Let us liave a look at c!pctromBgnetic.-field ECs whicli store energy 
in on elcclromagneiic field (Fig. 10.4), These converters are not yet 


NUaneti^-ndd ECj Elednc'field ECs 


/Elcitnc 
' Held 


SdafnelK ^ 
Held ' 


ClectrornMnetic-ndd ECs 
Electromagnciic field 

10.4. Basic classes of electrome. 
chanical energy converters 


Fig. 10.5. Electromagnetic-field energy 
converter comprising a magnetic-field 
system (£) and an electric-field sys¬ 
tem (C) 


commcrrially available, tliough they arc widespread in iielure. Bio¬ 
logical energy converters can probably be thought to belong to this 
class of converters. 

A inachiiio illustrated in Fig. 10.5 can bo taken as an example of 
the eleclromagnclic-fiold BC. The machine consists of two parts. 
The first part on the left of Fig. 10.5 includes a coil 1 in which a 
sled rod 2 reciprocates and an inductance coil 3 excited by a dc 
volUge Uf. This is in essence a linear magnetic-field EC coupled via 
an .arm 4 lo the other part of llie machine, which coosists of a copacit- 
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Ot 5 swiiched inlo a dc vollago circuit £/, and a dielectric 6 moving 
botwccn tlie capacitor plates, The coil 3 is connected lo the capacitor 
via a load resLslnnco /?i. At a resonance frequency (o,, = HY^LC, 
a’lien w»A = I'oi^C, elcrlromechanical ,resonance sols in. The supply 
line frequency and tlie mechanical frequency are tho same, and tlio 
energy converter at electroraechanical resonance exhibits the best 
characteristics. 

This energy converter iunclionally and slructmally couibiaes the 
magnetic-field niarltiue with the electric-field iiiiichine. Tho reac¬ 
tive power may not Flow from the 


outside. Tile electromagnetic-field 
converter, just (ike any other elec¬ 
tric machine, is convertibie. The 
machine can operate in the gene¬ 
rating mode, taking in the tnecha- 
nical energyand can also act 
as a motor convening the electric 
energy absorbed in its electric 
circuit into mechanical energy. 

In Fig. lO.B is aliown the .sche¬ 
matic diagram of another electro¬ 
magnetic converter wliich utilizes 



ig. tO.6. Electromagnctic-lield ener¬ 
gy converter 


the chances in the linenr dimen¬ 


sions of a core under the influence of an electromagnetic field. Thu 


converter consists of a inagnn.tostriclive part 7 and piezoelectric 
part 2. Pennendiire or pure nicked c.aQ be cliosen for the conslriiction 
of the mngnetostrictive pari and the solid solution ot lend'zirconiiim 
ttlnnato, which sliows the best pieiotdeclric prupertioe, for the enn- 


strwciion oi the part 2. 

The converter of Fig. lO.B utilizes the magnetosiriotive effect ot 
changes in the siiape and volumo of a ferromagnet during its magnet¬ 
ization. Jointing meciianically a magnoloslriut ive iind a piezoelectric 
material together, wc can adjust holii parts lo resonance. In lurti. 
the electric clrriiil whicli includes a winding for producing the field 
B and an internal resistance of the piezoelectric inalerinl comes to 
resonance with rc.specl lo the mechanical vibrations of the cores. In 
these conditions the process of energy conversion lakes place. The 
energy convertor of this type is reversible: It can transform energy 
from tneclionical to electrical form, and vice versa. Although this 


converter differs in construction from conventional electric machin¬ 


es, the analysis of its operation is pn.ssiblo in tho franiowork of the 
theory of eleclronieclinnical energy conversion. 

Attempt.? are being made lo produce coniposile mngnetnelecirfrs 
from piezoelectric and magnetoBlrictive materials. In composite 
mngnetoeleotric mnteri,^ls, tlxe magnCLoelectric effect occurs through 
the meclianical interaction of a piezomagnetic and a piezoelectric 
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phnse. Tlic nmcbaiiicai deforitiation esiabtishes a linear link belweeti 
the magnetic and the elecitir field. 

In real niagnetneloetric mntcrjnla, which are tnixlmics of baiium 
metatilannie and cobalt forrite, the mngnetoelectric effect accounts 
for merely a fow percent of the energy input. 

The fiirllier ndvnnce.x in eieciromechanics largely depend on the 
progres-s in tlie urea of electrical-engineering materials. Tlius, the 
creation of new rnaierinls which could behave like good elcclricah 

.sheet steels in strong inagnelic 
fields and 1 Lke dielectrics itislrong 
electric fields would open the ways 
for priidiicing new types of energy 
converters. 

Rociproc^i ting-type electrouiog- 
nelic m.'ichine.s can be made to 
function as minting machines by 
coupling the niagiiel ic-field slriic- 
lure to the electric-field struc- 
tore tlirotigh a roinmon shaft. Tlie 
converters of such u design would 
be iible to offer a grealer speed of 
response and uiierate wit hoot re* 
nclivc power sources. In some de¬ 
sign versions these converier.s would probably be more efficient and 
BconoinicaJty more advantagcou.s than magoctic-fielii ECs. 

Of particular significance nro electromagnetic energy converters 
with a liquid rotor that afford the motor-generator oporntion by 
rainliniiou&ly regenerating the energy, energy converters with in¬ 
trinsic feedback and conipuler-conlrolled converters, ft would be 
iuiporlanl to combiiie liio inagnetic-held machine and the electric- 
iield machine into a singlerUnil in such n manner ns is done in Iho 
classical designs of niHgoelic-Iield energy converters which have 
common slruoiural parts for the flows of active and reactive powers. 

Figure 10.7 shows (in E-H coordinates) the feasible region of 
electric-iieUI inscJiines (large values of tu and small values of //), 
tlio foosihlo region of niaguetlc-fiold machines (large values of H 
and small values of E) «nd the feasible region of electroniatmetic- 
field machiiiu.s (large values of E and U). Composite-type ECs can 
exhibit still higher values of E and N. 

To attain a hlgli performance of electric uiachines. use is made of 
coppar for magnotic-ficid ECs and gaseous and solid dielectric* of 
high permittivity for oloctric-fiBld ECs. The above objective is dif¬ 
ficult to accomplish if the tyorking medium used is inorganic matter. 
The roqiiirements on a working medium in electromagnetjc ECs can 
be less siringent, so the li.sl of active materials Cor electric macliineTy 
of tills class can be fairly long. 



Fig. 10.7. The dotnains oi different, 
types of energy converters 
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Ttif mathematical description of energy conversion in electromagnetic- 
field machines involves the use of the set of equations for a magnetic- 
field and an electric-field machine. Tliis set of equntions may litive 
the forui 


Mr. 

tv 



0 ii. 

Za ^ uc 


(10.13) 


.l/,t = M (I‘r), .V*c =* C (H’W--) ( 10 , 14 ) 


Horo ut, and ft ete the voltage ami curreul suhmatrices for the 
(iiagtietic-field macliiiio, which are .siiAilar to (1.34) or (3.3) through 
(3.12); Ic and Uc are thu current anid voltage .subuialricea for the 
electric-field inaclLiue, which are similar to those for the magnetic- 
field machine; Zt *he impedance malri.v of llie mogiielic>field 
maclilne. such as in (1.34) or (3.3); is the impedance matrix of 
the clcctric-field machine, such ns for the mognetic-field machine; 
;Vf,t ihe torque of the magnetic-field mucliine; mid M ,0 is the 
torque of the electric-field rnacliine. 

Torque cquatioii.s (10.14) ran have any of the forms, from those of 
(1.35) to those of (3.12). 

Tiw set of equations (10.13) and (10.14) together with tliu equations 
of motion describes the heh.ivior of electromagnetic ECs in transient 
and steady-state conditions. 

it can readily be seen thuL, given the general theory of all the 
classes of electric macliines, it will be more convenient to begin the 
analysis of energy cuiivoraion with the Solution of equations for an 
electromagnetic-field machine and then, as a particular casei proceed 
with tile study by solving the equations for mugiielic-field and elec¬ 
tric-field inachiues. The representation of eleclromagnotic-field 
ECs as a more general case of electric machines offers the possibility 
of a more comprehensive uso of the theory of.magnetic-fiold machines. 
First, the magnotiofield machine is a concentrator of energy; sec¬ 
ond, electromechantoal resonance shows itself more vividly follow¬ 
ing the onalysis of eleetromagnotic-field machines: and, third, energy 
converters, piirticularly cloclric-field ECs, separato out the charges, 
which is also ihc case for raagnotic-flold ECi since I = dQldl. 

Elecli'cnnechanics as a branch of science requires further develop¬ 
ment. There are the whole classes of electric machines the study of 
which is only at the starting stage Researcli into the processes in 
electric-field and electromagnetic-field machines offers great prom¬ 
ise for evolving new types of energy convertors. 
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Chapter 11 

Application of Experimental Design 
to Electric Machinery Analysis 

11.1. General Information on the Theory 
of Experimental Design 

The final end pursviert by the invenligations in the field of electric 
mnchinory is lo solve the problems of synthesis of energy converters 
and thus design optimal machines. The lecbnique of experimental 
design (ED) which tan (Iraslically cut down tire number of experi¬ 
ments and the scope of calculations on analog and digital compnlcrs 
has recently gninod still wider recognition. In the procedure of 
optimization of an electric niacitine, it becomes necessary to handle 
various problems, for example, to attain the desired performance of 
the machine and effect a ma.ximuni .saving in niaterinls, embody the 
design llinl would have better dynaiiiic chnractei-istfcs and improve 
energy chnreCleristics, etc. 

Given tile muUienialical model, the computer-aided solution of 
the problem tomes to finding llio optimal operating factors and 
making the right choice of the set of parameters by use of one varia¬ 
tional motliodor another, As is known, a change in one parameter, 
others being kept constant, excludes the possibility of determining 
the desired relations and lakes a great deal of machine time. The 
ED lechniquo ciioblcs the correct choice of the course of the exper¬ 
iment, decreases tlie number of trials by a factor of 8 to 10, and opens 
the ways lor optimization of energy converters. 

The ED technique has a particular signific^tuce in the analysis of 
ECs on computing facilities. In the last years this approach has 
found nso in most of the research works. We presume that the ED 
lechniquo is generally known, so the text below will only give the 
sy.stomatic account of the e.xperienco gained in applying this teclr- 
nique in eloctromechanics. 

The use of the ED technique In the analysis procedure permits the 
engineer to choose the strategy of performing tests according to the 
preliminarily drawn, optimisation scheme in order to obtain the reUy- 
tlons bettoeen the parameters of an electric machine and Us operating 
factors in a simple mathematical form, namely, as a polynomial 

n n n 

Ki 1-1 
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where 6oi i>ti ere polynomial cocfficjenis; jr, and jCj are 

variable pnremetera, or factors; j/ is the machine operating factor 
ander study; and n is the number of variables (factors). 

Thus, the ED technique offers the advantages of (1) high ofteclive- 
ness since it calls for .a sm.iller number of tests to obtain the desired 
information; (2) siniullaticous study ojf the effect of a few variable 
parnmelera of Iho machine on its operating factors, and (3) the pos¬ 
sibility of carrying out the tests so that the variance o* {h() of poly¬ 
nomial coefficients in the case of random errors is at a minimum. 

The ED theory relies on the fact that the results of any experi¬ 
ments in the n-dimensional factor space con be represented by linear¬ 
ized equations of the form 

l/t — "f- ^lih] -)- Xsibi -f- . . . -)- Xhibk 

Vi+j = •ro(i-ei> bg -(- r](j+i)bj H- <(+i) ha -h • . • (11 -S) 

. 1 

The results of JV tests have the following matrix form 

y = xB (ii.3> 

where V is tim column vector of observations; A' is the information 
matrix; and B is the column vector of coefficients. The equations 
for B, Y, and X are of the form 
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Deriving the matrix B, i.c. defining the coefficients of the poly¬ 
nomial,^involves the transposition and inversion of the information 
matrix A'. The final expression for B has the form 

B^C-'Xtir (11.7) 

whore C'* is the inverse matrix wltli respect to (f = .?(X; and X, 
is the transposed matrix. 

The term ‘design of experiments’! essentially has to do with a 
special construction of the information matrix X, The ways of how 
the information matrix is set up specify the types of design (ortho¬ 
gonal design, rotatable design, etc.). The structure of the informa¬ 
tion matrix determines the design formulas for estimating the poly¬ 
nomial coefficients and the variance of fhese coefficients. By specially 
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forming the matrix X, one can impart, for example, an important 
property to the first-order desigo, estimate the polynomial coeffi¬ 
cients with a variance tliat Is a factor of IV below the variance observ¬ 
ed in conducting one test; 

{6,} = o* {y)/N (11.8) 

In practice the information matrix defines the values of variable 

parameters a;,, x*. x„ when performing the tests. If we repre- 

senta two-dimensional factor space as a coordinate plane (Fig. ll.l), 
the 2* design matrix of the complete factorial experiment (CFE) has 
the form 


Teat KO. 

Variatite factur 

1 1 


1 

—1 

—1 

2 

+1 

—1 

3 

—1 

—1 

4 

4-1 

•n 


From the above matrix it follows that the experiment is set up 
only at points whose coordinates represent all combinations of llie 

upper and lower vahies of variab¬ 
le factors, naroely, at points 1, 2, 
3, and d. The second-order design 
matrix that has the properly of 
rolatability requires conducting 
the experiment at additional 
points 5, 6. S', S and 9. Depending 
on tha information matrix, i.e. 
the pointsnl which the experiment 
is to be run, the researcher obtains 
the corresponding polynomial re¬ 
lations between the variable fac¬ 
tors and machine operating fac¬ 
tors. These relations have impor¬ 
tant properties, namely, they 
enable a simple calculation of the 
polynomial coefficients and tbeic 
variance. One attaches much 
importance to the calculation ol 
polynomial coefficients because the method of least squares applied 
in experimental design gives cumbersome expressions for these 
coefficients. Thus in the Simplest case of one factor, the.forrauloj 



Fig. 11.1. A 


two-dimeasional’ faetor 
space , 
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for bg and fr, liave Ihe form 

K K n N 

S S'"* S 2 2 *“ 

b,=. '‘ .= l . ^ (11,9) 

^ 2 *i‘“( 2 *“)* 

U*l ttsal 

*Y A' li 

A ’ 2 » u * u — 2 1 '“ 2 *■“ 

b,=-^ -(11-10) 

2 “^“-(2 ' o )’ 

1/wl uw1 

If the information matrix is orthogonal, the polynomial coef¬ 
ficients are found from simple formulas of the first-order design 


bo = b,= j]x,,yJN ( 11 . 11 ) 

U=l 

and of the second-order design 

b,= X ^uiyJ'2 (M.lla) 

v—1 u^l 

The variance of the calculated polynomial coefficients determines 
the accuracy of the polynomial as a whole if we use this polynomial 
to calculate the objective function (the machine operating factors) 
within the factor space. 

The CFE information matrix for, say, the first-order design dis¬ 
plays tlie optimal property of simplicily of the design formulas for 
polynomial coefficients and also the, properly of the identical and 
minimum variance of the coefficients. In the second-order design, 
the first and second properties are contradictory. If the matri.x is 
orthogonal, the variance estimates of polynomial coefficients are 
not identical: 

a*{6,) = o2{y}/m 2 *’«t (11.12) 

UBSI 

Hence, the prediction accuracy for the objective function y varies 
with the direction of motion in the factor space. 

If the information matrix X exhibits the property of rolalability, 
the solution acciu-acy does not depend on the direction of motion. 


U-01178 
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and the design lormulas have the form 


iT if 4T 

6, = 4[2X*(« + 2) 2 x„oy„-2X^CV, ^ xiitfa J 
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(11.13) 

(11.14) 

(11.15) 

( 11 . 10 ) 

(11.17) 

(11.18) 

(11.19) 


where iV„ is the number of points on a sphere of radius p^\ and k 
is the number of spheres (k — 3). 

The goodness of fit of the polynomial to the object under study 
defines the degree to which the objective function y obtained from 
the experiment corresponds to the objective function y calculated 
with the polynomial. The quantity characterizing the discrepancy 
belwetMi the calculated and experimental values is the inadequacy 
variance defined by llic formula 

iV 

(yo-y^r- 

17—1 


where d is the number of signilicanl terms in the approximating 
polynomial. 
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The lest of tho liypolhcsis of adeqiincy i? niado hy use of Fisher’s 
variance ratio (f’-tcst): 

F^Sl,/S^[y) /i1.2f) 

If the calciilnled value of llie ratio is lower than ihe critical ratio 
Ffr taken from the corresponding table (see Table AlV.o) at llie 
given significauce level g,, the description is considered to fit the 
object under slttdy. 

The design luatricos applied to the analyais of electric machines 
introduce (he definite features in llio lerhuiqne of e.xperinienlai 
design. The description of these features is given below. 


11,2. The Technique of Experimental Design 
Applied In Electromechanics 

Consider the main classes of problems handled by llie ED tech¬ 
nique. The first clas.s, being most clnsoly related to llie cl.-issical sclie- 
mr of eapcritncntal design, includes the problems of lesUng eleclric. 
machines, their eicmenls, or olectromechonicel sysicra.s. The sec 
ond cla.s.s covers tho problems of anaiysi.s of pliysical and iiiallieinal- 
ical models and analogs which are loo specific niid complp-v to be 
used directly for llie .soliiilon to llie problems of synthesis of electric 
machines. The lliird nla.ss includos appro.viination-type problems for 
the cases where it is po.ssible to replace llie coniplea iilatheiitaljcul 
model of energy conversion in elecli'ic machines by a simple pnly- 
iioioial noted for an explicit linU between the variable parame-lers 
iiiid the machine operntiug factors. The ED technique applied to the 
solution of each class of problems sliows disliiigiilshiug features 
which we Can ilJuslrate hy the examples that follow. 

Consider iJie possihilitiesof l.hr ED lecliniqiie by exnuiining a sim¬ 
ple, but fairly instructive, example. Fertile accelerated reliability 
tests to be run (both evaluation and control tests), the accelerated 
lest rat io bo must be known, i.e. the ratio between tho lost lime niider 
normal coiiililions nod that undnr ar^-loratod test coiiditinns. 'The 
ratio k„ can be determined from an experiment on a lest ohject. As 
a rule there is a need to know a fti)iclion.il relation betwoeu k„ and 
acCBleraIccI test factors rattier than the iiniqne vaiuo of k„. Such 
an approach offers the fle.xihilily and univcrsnlity of test proiX'doreS, 
enables the use of the evolved tecimiquo to carry out tests not only 
at a ccrlaiii plant and on a particular le.st bed but at various plants 
difforinc in leclinical and prndnefion basis. 

The ohjcclive uf testing a innrhiiie for velinhility i.'j to cheek the 
inncliino .?erviceahtl|ty over the specified lirnc period under given 
operating conditions. To speed up the lo.sf procedure, llie machine is 
run under nioie ctringont conditions of operation. Tito ic.s( time is 
cut down dopciiding on llie test stringnney being clio.seii. For machine 
18 * 
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with a mean servict life of 10 OOO houra. the determination of the 
set of oceolerated lest condition factors \vhich enable cutting the 
test time by a factor of 15 to 2iJ is an urgent problem from the eco¬ 
nomy point of view. The solution to the problem depends on the 
estimation of the functional relations between the machine operat¬ 
ing factors and accelerated’ tost condition factors. These rolatioos 
can be defined experimentally using (lie ED technique. 

figure 11.2 illustrntes the schematic diagram of conducting ac¬ 
celerated tests on an energy converter for nine accelerated tost fac- 


Plg. If .2. The Bchematic diagram far condoeting accelerated teste on an poergr 

convertor 

tors. To these factors belong the nmbienl temperature x,; repeti¬ 
tion rale of starting, 2 ,; angular velocity X;,; load on the shaft, x,; 
vibrations x^i aggressivity of a medli4m, liuinidily Xj', dust con¬ 
tent iji and grade of a lubricant, r, .Knowing the maobinc operation 
time tcf, recorded during the teats, we can establish tliu relation 
foe —f 1 * 1 ' • • ■' *») ‘^"‘1 thereby solve the slated problem using 
the ED technique. 

What complicates the procedure of perfonning such tests is the 
nonuniformity of electric tbachines of even the some batch. The 
causes arc the differences in electrical-sheet steel properties, varia¬ 
tions in phase resistances and air-gap dimensions, differences in 
the performance of bearings, and other cau.ses associated with manu¬ 
facturing errors. These causes necessitate carrying tests on a few 
machines .simultaneously and determining the mean operation lime 
T„p and variance ( loa) from the test results. A higher value of the 
operation lime variance calls for performing more repetition tests on 
more electric machines. To determine the dependence to;. = / (*i^ 
requires staging a set of experiments at several values of x,. The 
varianr.e of the coefficient h; that accounts for the effect of tempera¬ 
ture changes during the machine operation time is found from the 
formula a" {ft;} = o" {toj..}/2. This coefficient calculated by the 
ED technique evidently has a lower variance a- (fc,} = o* 




As the number of accelerated test fsctors grows, the advanlnges of 
ED become still greater, as is clear from Table. 11.1. 

Table It.t 


The Number el Teita te be Run to Estimate 
Polynomial Coaffidents Using the Classical 
Procedure and the ED Technique 


Kuiuber of fac* j 

1 j 

1 Number of test« 

olas&jca] proce¬ 
dure 

EO t€clmi<{uc 

2 

G 

4 

3 

Id 

8 

4 

40 

IS 

5 

9G 

32 


One of the important reasons of using the ED locliniqiie is that 
a smaller number of tests enables a more accurate celculation of tlio 
coeffioit'iil.s that account for the influence of test factors. The ED 
technique has a decided advantage in that the set of experiments 
run according to the design malrLx does not tend to accumulate the 
error. Rather, the influence of the error deci’enses in determining 
the polynomial coefficients. For example, the formula for defining 
the pol.vnomial coefficient variancu 0 “ [bt) in the CFE or FFE 
(fractional factorial experiment) has iho form 

o* {&,) = o* {jl)AV (11.22) 

wliere N is the number of experimental points in the factor space. 

The ED technique has one more essential point in its favor. The 
thing is that where the test involves a large number of accelerated 
test factors, the analysis of the perfnrmnnoe of the machine under 
lest becomes a difficult problem. It is quite possible that a combiiin- 
tion of various factors rather than each factor separaloly affect.s the 
machine operation lime. The joint effect of a few accelerated test 
factors is possible to estimate without a complete knowledge of the 
physical nature of the processes by use of the ED technique. Consider¬ 
ation here is given to the limits on the number of machines put to 
lest and tlic total test time, n large number of lest factors, and also 
a high cost of the experiment. 

The choice of the design matjix and test schedule and also the 
raiculatioii of polynomial coefficients are made according to the 
conventional ED procedure. Let us only note two elements in the 
organization of the studies on electric machines: one relates to the 
choice of the limits of variation of the factors, and tlic other to the 
experimental technique. 
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Tlie procedure of rfoi-igning llie exporiiiiecil begins witli tJie esli- 
malioit of Ilio variation range of acceleraloJ lest factors. This is one 
of the impoi'lnnl stages when niakittg tlie tost on eleclrin machines. 
On the ono linnd, it is advantageous tliat Ihe variation range should 

be ns wide as possible, for tiic 
test factors will then produce a 
greater effect and the test can be 
nin faster. On the other hand, 
too wide a voriiilioii range invol¬ 
ves a ri.sk of qualitatively chan¬ 
ging the physical essence of the 
object under study. For example, 
in testing a machine over a wide 
iiilerval of variation of tlic am- 
bietd leinperalnre (factor the 
grca.se may leak out of a [rearing 
subassembly causing it to operate 
in tile nbnorinni coiulilions, i.e. the conditions of dry friction. A 
small interval of variation of the factor is also uiidesiriiblo liecause 
of a longer test lime. 

To make an e.stimale of tlie number of macliines to be lesteil. Ta¬ 
ble 11.2 gives llie data on determining the variation ranges after the 
first, second, and the third trial. Nolo that these data refer only to 
the first-order de.sigii; the second-order design w'ill call for a much 
greater number of tests. 



rig. 11.3. Muciiliie-operation lime 
versus temperature 


Table tt.2 

Variation Ranges for Various Factorial Designs 


Tnai No. 


2aCFB 

2*cyE 

2tiCFK 

2ft-IFPE 

2»“ipPE 

1 

8 

10 

32 

IB 

32 

2 

IB 

.12 

l!4 

32 

B4 

3 

32 

64 

128 

64 

128 


The practical recominendatious of how to r.lioo.se llie variation 
limits reduce to a thorough analysis of a priori information on the 
test of machines (analogs) depending on each of the factors sot up 
separately (Fig. 11.3). So Jong as the one-dimeiisional relation 
= / (a-,) is linc.ir or approachc.® the linear form, the entire range 
can he cliosen as the interval of factor variation. If the range extends 
beyond the limit A, Ibe polynomial model may become inadequnle. 
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That is wliy in performing tesUS nn cnslly objects such as olectric 
machines, it is obligatory to colled a raa.vimiiin unioiint of « priori 
iiiforinnlioii wliicii tviusl be given proper scrutiny to make ii tloci- 
sion on the range of variables. 

Assiiinu the staled prohleni letiuiios to osiimato /f* = / (^j)t vvlieru 
Zi I'epiascnts acceleroled lest factors. Consider an o.ratnpleof tile .solu¬ 
tion to litis prohlein using a niodifiod version of the ED lochnintie. 
For the illustrative pnrfiose. we will hamlle llie problem lot four 
tesl factors (a larger number of factors requires ilie tt.ve of stiinriard 
prorodurps set forlli in llte ED llicory). Let Ibo test factor.'' lie llie 
lest cliainbor leii'iper.ature ij- .macliiue vibration x, (of course more 
intensive than tlic noniial), iingnlar velocity x, and tmio fflclur l 
wltich is cerloioly present in tlie e.x peri me ills of Hits type The re- 
lalion.s /.•„ = I (.r,. .r,. .13. 0 eun be foiiiid by use of the formnlired 
ED procodiuvs wlilcli involvo the following; gailienng a priori in- 
fonnation; deterinliiiiig Hie curvalnce of the facloi' spaco llirougli 
the con.‘<lrodioo of orie-diiiieniinnnl .sodion.' of A-,, - f (a’,). A-, = 
= / (.f,), ami If., — I (r.i); clmosing ihe hover and upper limits of 
variation of tlie fadoi's: carrying out llu* pxpei’iinent on approprialti 
le.st bed-s; giving the mnllicuiaiical irealuivat of Hie rosolis and in¬ 
terpreting tliem. 

Such a way of Hie clired .Hilolion lo lliu slated prolilem by tlie 
lormalir.ed ED prcicedures mo.vns ifiiit we have lo realiic tlie matrix 
of n power ol at Icaal 2 * iTnlilc ll.d). Tim ED lechniqiie enables us 
lo perform Hie successfully and dwterniiiio Ibe relations k„ — 

= / U'l. Xj. j,|. t) if Hie conslrainls on the scope of the e.vperimonl 
(i.e. the nomlior of machines lo he pul lu lest) arc rensoiiable and 
nn nnipio amoiiut of a priuri information is avallahle, namely, llte 
resolis of preliminary experimunts and properly chosen varialion 
ranges, pnilicnlarfy Hie variation range of the. lime factor 

E.Tpeneiice shows llmt ll is more advanlogeous to lase not Hie 
standard ED metbtKls Iml a somewliat retinod lechiiiqne baaed on 
the same rules of Hie ED Hienvy. Account must bp taken of Hie 
fact lliat an increase in Ihe scope of Hie e.’tpnrlinenl roqniroa a con-es- 
pondiiig jncran.ae in tlie number of lesi beds and in Hie teal lime. 

In solving Hin reliabilil.S’ problems and estimating Ibe fimdtoiinl 
relations of Lite type A-„ =* /(r,). a 111 tie-known bmncli of electric 
machine engineering baa to be kepi in mind. VVhnt i.s moaiit hero 
is Hie pliysic.s of Hie processes of aging and wear of electric macliine 
elements siirli ns coniinuliilors, bivarmgs, slip rings, and a w'inding 
under the rmnplex adion of elevated tern pern 111 res. inlensitied vi¬ 
brations. and iiicrcafled speeds, Tim data on these processus, lot alone 
the data in analytical form, is usually not available for 0 particular 
macliioo or for a batcli of tlie macl.iiies of tlie .seme series. In view of 
llii.s fad, setting up the variation limils on the Lime factor becomes 
problemstic. An nnderesi(omied upper limii dons nol allow for llio 
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Table If.3 

The 1* Design Matrix 





Teat fxetor 


Res¬ 

ponse 



*110 

1 *« 

1 


V 

1 

1 

— 


_ 

_ 

Vi 


2 


— 

— 

— 

Ut 

2 

3 

— 


— 

— 

Vi 

4 

+ 

-1- 

— 

— 

y* 

3 

.S 

— 

— 

-r 

— 


6 

-1- 

— 


— 

!/• 

4 

7 

— 


+ 




8 

-i- 

-t- 


— 

ym 

5 

g 

— 

“ 

— 

-t- 

Vi 


10 


— 

— 

+ 

vl- 

6 

11 


+ 

— 

-h 

yu 


12 

-1- 

-1. 

— 

-1- 

Uit 

7 

13 

— 

— 

+ 

H- 



14 


— 

+ 


ifli 

8 

15 

IQ 

+ 

+ 

T- 

-r 

i'U 

^le 

0 

17 

0 

0 

0 

0 

10 

18 

0 

0 

0 

0 



complete utilization of the experiment. The obtained values of the 
accelerated test coefficients prove lower than Hid possible ones, which, 
in the final analysis, lengthens out the acccleraled reliability tests. 
An overestimated upper lint,it of the time factor may render the 
experiment unsuccessful because at least one unrealizable row of the 
inatri.x means a failure of the entire expcrimeiil or, at best, the tran¬ 
sition to an upper level of fractioning, i.e. the transition from the 
2 * complete factorial to the 2‘-* fractional factorial, from the 2*-‘ 
to the 2*"* factorial, etc. 

The sequence of the solution to this problem is as follows. Prior 
to conducting the experiment, the levels of the time factor are left 
normal. The lower, zero, and upper levels arc found only for the 
accelerated tost factors .such as temperature, vibration, and speed. 
In doing this, it proves possible to implement the 2* design matrix 
for the complete factorial experiment. The first factor is the factor 
of time. Tlie lime factor permits running tests not on 16 but on 
8 machines in the 2* CFE. One and the same machine is put to test 
both at the lower and at the upper level of the time factor. 
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Each <il (he lesU is run until oil (lie elenicuL' under invpslijjBlioii 
fail to operpiG. This means thal il, fur example, a hearing siihassenib- 
ly fails, the time of failure is recorded, the subassembly is replaced 
and the experiment is coiilioucd, but the now counterpart ie tnkoo 
out nf consideration, If. further, the sparking at the roinnintator 
exceeds the permissible level and It is difficult to reniodv llio dofoct,. 
the conimutator is left to .stand and the machine to run ''iiicc the 
operator has received the. information on the failure of the coiunxita- 
tor and excluded it from consideration. 

The tncnsuremcnia of the optimization parameter (cotiirollnble- 
paramelers such as noise, runout time, sparking, insulotiau resis¬ 
tance) nre l.sken continuously, whenever feasible, ralhcr than at 
Individunl points Corresponding to the vortice.s of the hyperrobo’ 
under study. This can he the case for, say, the commutator unit 
ond slip nogs. The abovo OTOasiiretuenlS enn i»)Wi be made disCrotidy 
for, say. bearings and insulntioo over Insignificant time intervals,, 
from Z't to 48 hours. 

This sequence of realization of the design matrix shows inipiulnnl 
features which muhe the solution of I he slatz’d priihlcm po.ssihle. 
TTie point is that the malhemaiical model of the process, i.e. tho' 
polynomial dopernlences of the optimization parameter on the lost 
fiiclors, including the lime factor, proves oplimal Since the record 
of the levels and the iulervals of vuriHtion of llio time factor is kept 
after Ohlnioing tho e.vpcrimental data and performing the malliomat- 
ical treatment. The next step involve.s the esiimulion of the accelerat¬ 
ed lest factors from tlio obtained polynomial dependences. 

Another advantage derived from the absence of fixed levels and. 
inlenials of varialion in time is the following, if the obtained niaihc- 
matical model is iiiadeqiinic, i.e. the matheuialical description does 
not correspond to the real process, wo ran pass to the uonllnctir irans- 
formnlion of roordiuales. replacing for the purpo.se Uie independent 
variable.s h> new ones. 5 , = z-“‘ or = In i/. and thus couvening 
to llio logurtlhinic ur expoiienl tal lime scale, "niis featuro does much, 
toward the succcs.? of thy expciinieat. 

If the Iransfornialion of coordinates does not give the desired ef¬ 
fect (the model remains inadoquato), the oiilire lime Jnlervol can W 
split up into u few portions so as to obtain the adequate model. 

The four-fuclur CKE matrix (Table 11.4) re.alized by the above' 
method and required to estimate the neccleratcri lest ratios ts si- 
mull uneously the three-factor CFE inalrix employed lo dolcfmino' 
the time lo failure (the fourtJi factor, i.e. time, undergoes tran.sfoi^ 
Diatiou to become the optimizalion parameter). 

The desfgn so Set np provides the riilation.s betw'een tho failure- 
lime and test factovH. ihi.s being a rather important result of the' 
experiment. Also, the scope of the oxperimoul is cut down prnclic- 
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Table 11.4 

The CFC Design Matrix tor Estimation 
of Failure Time 


Maciiinp 

No 

Test N». 

Ti»i factor 

Ile«- 

pOIlKf 1 



xa 

1 

I 





2 

2 


— 

— 

*1 

3 

3 

— 

4 

_ 

h 

4 

4 

4 

4 

— 


5 

r> 

— 

— 

•h 


ti 

t; 

-I- 

— 

4 


7 

7 

— 

4 

4 


6 

» 

4 

4 

- 1 - 

^8 

9 

t) 

0 

0 

0 

'v 

to 

10 

0 

0 

0 

C. 


ally liy one linlf. The tierivcil relations generally give ilitfcrenl ac¬ 
celerated lest ratio.s for eacli of the olemenls .snch a.s bearings, com- 
miiLiilors, slip rings, and windings. The simiiltanoons soliiliiin of 
equations offers the possibility of obtaining a common acceleriiled 
test ratio for the entire item. 

Thus the described method can delermino the accelerated lost 
ratios for various olemenls of the machine under le.st and also iho 
failure lime as a fniiclioii of llie lest factors in .severe test conditions, 
i.e. in the conditions of hoth the limited amonnl of a priori infor¬ 
mation and tile limited .scope of llie experiment, Tlii.s method can 
Im* exlenrled to cover Iho designs for variou.s numbers of accelerated 
lost factors. 

The ii.se of experimental design lo ovainote occelernted lost ra¬ 
tios in testing electric macliinery represents ono of the coraple.x 
examples iiltislralive of llie potentialities of the ED lechniqno. 

Consider iJte application of this tcchniqno in studying mathemat¬ 
ical and pliy.sicnl models, for example, an induction machine model 
developed from the matheraaLical theory of electric macliinery and 
set tip on an analog computer or an indiuTion-machine magnetic 
core model formed on electirical condiictivo paper. The induction 
machiiio model in the form uf a computer analog permits a fast in- 
vestigalinn of the most diverse modes of operation of Iho machine 
(il.s dynamic and sialic action, cliangos in the parameters wilh 
lime, etc,). 

However, tlie attempts at searcliing for tlie optimal parameters 
of a inacliinc prove impracticable becau.se of the unstable analog 
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and n long time required to I'eacraiige the gain factors of tlio mining. 
Tills Is also true of tho pliysical model built up on cniiduclive paper. 
The calculation nf fields and ndmitlances enables evaluating practic¬ 
ally any pattern of tlie magnetic circuit, but tlie search for tlie optim¬ 
al geometric parameters of the machine requires a multiple reference 
to the problem setup. In either of Ihe two eases it is necessary to 
find a convenient form of presentation of the information derived 



•'ig- ll-'i. The system ceniprislng a miigacllc umptlliur amt iniliicllon 

motor (/.tf) 

CT “ C'irrtnl transformer; TT — voliajrc trujisffirmer; 1/^ — ACCAiornleii ■vriltogc' 

Vjfj — fb-edlMCk votiaffe. n — rrspotinw 

from the models so as to use It further for the solution of oplimiza- 
tlon prohlem.s. The polynomial iiolatioo is a convcniciil form nf pre¬ 
sentation. 

Let us illustrate the features of ED for the secniul cla.a.s of problems 
by coitsidering nn e.xample of the analog of an induction inolur- 
magnotic amplifier .system. The block diagram of this system with 
current and voltage feedback mechanisms is shown in Fig. 11.4. 
To analyze the induction machine consiructiun. we neoil to sluily 
the inachiiic analog and obtain the fnuclionnl relation 

An = / {K K i) 

whore Aw is the motor’s angular voiocity difference with a change in 
the load torque over the .specified limits: AC and Kj arc voltage 
amt current feedback factors. 

The analysis of the machine design should be made within the 
predolormiued ranges nf variation of factors a;, and .x, =■ K „ = 
= 1.5 lo 2.1 and = K, = 2,4 to 3.(3. 

Tho ED technique is expedient for use iu dealing with the given 
prnhiem for the following reastin. We need lo obtain a convonieiil 
and concise relation between An and K i,, Ki in the form of n polv- 
nomial: 

An = + b,Xi -f b,x, -f- -r b„xl + bazi -f . . . 

(11.23) 
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AVf sliniilil dctreaso tho effect of instabilily of the analoc on the 
resells of experimental investigations. Cutting down the number of 
e.xperimcntal (design) points in the problem of interest is not Ihe 
main objective. The requirement for the stable limits within which 
the factors undergo changes brings in a number of features in the 
proeodurc of planning the experiment. Since the range of variation 
of tlio factors is fairly large and so the analogs obtained can he in¬ 
adequate, wc should raise the order of experimentation. -At the first 
.stage of -Studying the analog, it is necessary lo use first-order designs 
of the CFE and FTE and then pass lo second-order dc.signs if the 
model is inadequate. 

The second-onler design .substantially differs from the first-order 
design in that it docs not include the experimental .slage.s which com¬ 
bine simple design formulas with a high accuracy of polynomials. 

In solving the problems in electromechanics, use is mainly made 
of two lype.s of dc.sign—the ortliogonal and rutalahle type.s. The 
first type offers the advanlage-s over the rotatable type in that it 
employs relatively simple design formulas and need.s a smaller nuui- 
hor of tests to he run. 

In the example under consideration we use Uio .second-order or¬ 
thogonal design to define the relation An =J(Ki,.Ki) since the 
first-order design gives an inadequate polynomial. The matrix of 
orthogonal central composite design (OCCD) is given in Table W.h. 


The OCCD Matrli 


Teble It.5 


Tcsl 

No 

I 

XO 

*1 

i 


*111 


*s=xi-0 SSf. 

ObJcciWp 

function 

Pr«1l«(on 
by nr.CD 


1 An 

1 

-rl 

-t 

—1 

+l 

0.333 

0.333 

70 

76.3 

76 

2 

-ft 

-1-1 

-1 

—1 

0-333 

0.333 

93 

93.S 

91 

3 

+ 1 

-1 

-1-1 

-1 

0.333 

0.333 

58 

64 (i 

SB 

4 

+ l 

-1 

H 1 

H-1 

0.333 

0.333 

70 

7t.3 

74 

o 

+ l 

—1 

0 

0 

0.333 

—0.666 

C2 

58.5 

64,5 

6 

-t-I 

-!-l 

0 

ft 

0.333 

—0.660 

BS 

69 1 

70,1 

7 


0 

-t 

•J 

—0.66t> 

0.333 

100 

85.6 

98 

8 

-ft 

u 

-1-1 

0 

-0,666 

0.333 

60 

73 

57 

9 


0 

0 

0 

-0.666 

—0.6G6 

66 

67..3 

69.1 


The polynomial for An has tJie form 

An = 67.3 -t- 5.34z, — B.ITArj — O.fjZjjj — S.SzJ -)- 

(11,24) 













t1,2. TKft Technique of Experimenlai Design 


2^ 


ll should hu Doled that lof the given range of variation of A." j, 
and K even the sooond-order design gives a polynomial of low 
accuracy, This can he seen from the results contained in the extreme 
right column, which are Iho values of An calculated witU the polv- 
Qomiah The discrepancies at sonic points, especi.slly for tesla Nos. 7 
and 8 are so large that they go beyond the specified limits. 

A different accuracy of prediction in various directions of the 
factor space, i.e. at various combination nf A y and K,, is one of 
tlie grave disadvantages of the secnnd-ordnr orthogonal design- Such 
a polynomial is impracticable for u.se in the analysis and synthesis 
of the machine because the search for the optimal geometric para¬ 
meters of the machine is done for various comhinalioiis of /Ty and 
K, and the polynomial error may result in a false extremum. 

Where the accuracy of the polynomial over tho specified Iniervals 
of variation of the factors is of priniary Importance, the inveslige- 
llon of analogs and physical models should rely on rotaiahlc central 
composite design (RCCD). This lype of design brings about an In¬ 
significant increase in the number of tests to be purformed in com¬ 
parison with the orthogonal type but offers a higher accuracy |Tb- 
ble 11.6). 


Table M.< 

The MumbCf o| Tests Run In OCCD 
and RCCO Methods 


Sumlier of 
factors I 

1 OCCD j 

ROOD 

2 

1 ) 

13 

3 

15 

20 

4 

2S 

3t 


For comparison between the accuracies of calculation of A« em¬ 
ploying llip OCCD and I\CCD. Table 11.5 lists the V8lue.s of &ii 
obtained with the aid of rotalablo design. Let us note that in the 
analysis of physical and mathematical models of electric mnchities 
rotatable designs are carried out with llie use of modern digital com¬ 
puters. 11 ahould also be pointed out that there arc other ways of 
experimental de.sign in dealing with the clns-s of problems under con¬ 
sideration if tho orede.l obtained with the aid of the first-order des¬ 
ign Hints out 10 be inadequate. The approaches mainly involve the 
replacement of variables and splitting of iha vurioiion range of 
factors Into two subregions. Tn both cases the objective is to try to 
reduce the problem to the first-order design. Howover, these approach¬ 
es are Dot always convenient and responsible for a number of dif¬ 
ficulties ill handling optimization problems. The second-order des- 
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ign, tliaugli being more complex, oflerx good results, given roniino 
pi'ogrAiiis run iiii dlgitBl computers. One ol Uie rnsin advRntagos of 
this type of design is Itiat it enables aiinlyti('.,'il e^timalioii of ttio 
extremum for a c.erluin class of problems. 

Tlie problems of llte tliird c.Imss— eppro.Timation problems—are 
rntlier often dealt with in the analysis of dynatnjc ami static modes 
of operation of electric machines One of the specific problem.^ of 
this class rnlaios to the investigalion of transients in induction niach- 
iiies supplied from nnnsintisoldal voltage soiirr,es (see Cb. 5). The 
equations for an induction macliine have the form of (5.1) and (5.2). 
It tabes the Al-220 computer only seven raimite.s to solve this system 
of difforontinl equations involving nonsinuanidul vollnges and four 
liarntonics. The optimization prohienis call for malting 30<) to 500 
siicli .soluiione. This procedure is not always realizable on digital 
computers. The way mil is to replace the sy.slfni of differential equa- 
lioiiH by 0 simpler and more concise relation namely, a pol.vnomial. 

The liosie feainre of ED as.regards the shove class of problems is 
that the equ.rtion for the object of interest enables its rigorous matli- 
einalical Iroatruent; in i(s e.tplicit form, the equation is cumbersome 
and inconvoniont. Tlie equal ion innolvable with the aid of digital 
computers or other njeans. It uniquely determines the relation bi*- 
twcDJi the variable parameters and olijeclive functions (this means 
tlint the object under study is stable). Eor Ibi.s class of problems tbo 
term •experiinontnl design' i.s replaceable by the term ‘computation¬ 
al design’. Specific to llie third clas.s of problems is the use of de.sigri 
matrices lor peidorming llie compiitalion which peimils replacing 
the complex miillieinni ical model by a simple polynomial model. 
Tlie acciir.icy of approximation is the main reqiiircuicnt liere: the 
requirenieiil for minimizing the rumihcr ul design pninls is not rigid. 

Consider llie sl.slemeril of tlie problem involving the esiiiiialioii 
of an approximaliug potynoinial for the- speedup lime t,,, of an in¬ 
duction motor with a 20'‘ii deviation uf the values of the following 
quantilies from Hie notninnJ values; rotor resistnnce x,,stator resis¬ 
tance .r^, and moment of inertia, x,,. The malri.v of the CFE, 2* 
design Is given in Table 11.7. Under the e.xperimftnt is meant hcjo 
the solution of differential equations (5.1) and (5.2) on h iligi1.nl 
computer at llip fi.xed values of the nriachjito paratnotor.*^ in acc.nr- 
ilniicp with the dosign mnlri.v 

Determine the polynomial coeffieitnls from fonespondtne de.slgn 
formulas. Since the repent cnlculntiniis of the macliiue factors ni 
Hie same values of parameit<r.s give the sume resuUe. the experiment 
variance is a\{l,p } = 0. and. hence, all coefficients of the polynom¬ 
ial ore significant. A chock of. Hio model for ndvquocy against the 
/'■-teKl ill vertices of the factor space cannot be carried out- 

Ifi solving the npproxininiinn problems, the check nf polynomial 
ailt>i|iinc.v fur is iiiiide by wlecttng other points in the factor space. 
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The 2^ Design, CFE Malrii 


Table 11.7 


Variable para* 
Dieter 



(J), 

kgf m e* 


*1*3 

*3*3 

*a 

Objeeuve 

function 

Reference level I 
Upper level + 1 
Lower level — 

3.8 
4.52 ' 
3.08 

3.67 

4.28 

2.86 

1.62X10-6 

1.82xl0-« 

1.22xl0-» 

1 

Desiffnation 1 


s« 

zn 

24 

H 

B 

*7 

»,pxt0"‘, I 

1 




-f 

-f 


4- 

to 

2 

-t- 

— 

— 

— 

— 

-i- 

-h 

.5 

3 

— 

H- 

— 

— 

-h 

— 

+ 

A.h 

Test No. g 

-t- 

+ 

— 

*h 

— 

— 

+ 

3.5 


— 

— 

-1- 


— 

— 

+ 

ii 

G 

+ 

— 

-h 

— 

+ 

— 

*r 

7 

7 

— 

-h 

-L 

— 

— 

-i- 

H- 

6.5 

8 


+ 

-1- 

-t- 

T 

-h 

+ 

5 


As is known, in performing llie experiments at vertices (Fig. 11.5), 

the largest discrepancy between fjp and f.p occurs at points 7, 2, 3, 
4 and at central point 0. Therefore, the check for the model adequacy 
should be done at these points 
using Cochran’s test on the homo¬ 
geneity of inadequacy variance 
estimates: 


^max— max 


(11.25) 


whoro 


g ad {^<p} — {^sP q 

— ^sP the inadequacy va¬ 

riance for the ^Ih check point; 
and k is the number of check 
points. 

If the found value of Omai is 
smaller than ur,, taken from the 

table for corresponding degrees of freedom, Vj, = 1 and Vjj = k, 
and for Uie chosen significance level g (commonly equal to 5%), we 
accept the hypothesis of variance homogeneity. Next we make an 


Fig. 11.5. The chart for performing 
obecke at vertices 
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«siiinaU> of Iho gcnoralized vHriance of model inadenuacy: 

(11.36) 

‘i-i 

If (lie veluo of S {l,p) satisfies llie accuracy required of llie ap- 
proximalion, the polyiiominl is ndequale; if It does not. we sliould 
pass 1.0 the dc-sigti.® of Iiiglier order or reduce the intervals of varia¬ 
tion of the factors. Since the limlta on the tiiimbor of checks in per¬ 
forming Ihe computations are not rigid, it is advisable to take 
additional points inside the factor space using for the purpose the 
Inhle o( randum nunibors. 

Applying the ED technique to the soliiiiou of approximalion prob¬ 
lems, it should be kept in mind tliai any approximalion, while 
offering the simplicity of funcuonal relations, iniroduces addi¬ 
tional erixiis ill the cniciilHtion results. Whether the ED technique is 
«xpedieiil (or iiae in the solution of approximation problems is esti¬ 
mated for oach particular case. 

11.3. Transilion from Experimenlal Design 
to Opllmlzatlon 

TJie solution lo mosi optimization probleius in olectric maclilnery 
preseols difficulties since ihe fuactional relations between the var¬ 
iable puraiiielers ot a machine aud its operating factors have an im¬ 
plicit form. The ED technique substantially facilitates the solution 
cf optimization problems, for ft enables obtaining an explicit pnlynam- 
ial l•elalion between the machine's variable parameters and objectiiv 
functions, it thus becomes po.ssiblt< lo solve optitnally a nitmber of 
proldenis by analytical methods. 

If tlie solution of optimization problem.^ is sought by numerical 
metliods. polynomial and Iwo-diraeii-sional sections coiislrnctcil willi 
the aid of Uie polynomials offer a well-grouuded apprnorh lo llie 
choice of the numerical searcli method. The choice of the search raelli- 
od is on iiuporliint and urgent nrobletii. 

Tito practice of oplimurn design ol electric machines 3lio>\'S that 
certain search mclimds in curront use canuol Imj considered univer.sal. 
Rondoin walk (random search) metliods are applicable where the 
nnmlier of variable parameters is large, but they offer a low probab¬ 
ility of obtaining global optima. Gr.adient methods and alternating 
direction metliods lead rather fast lo local optima, but they inquire 
a preliminary e.xperimcoial adjustment when solving specific prob¬ 
lems 

ffelaxation methods of the Gau.s.s-Seidel type (successive displacc- 
monls methods) show algorithmic simplicity, but fail to work in 
the “valley'’ conditions ahd under nonlinear constraints. Local 
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cooi'dinate iiietIiod» ol ilyuamic program in in^ nre free from IliD 
ahorlbomings of tl>e Gaiiss-Seidel method. However, they l.«Ue a 
relatively long senreh lime at a high accuracy of the soliilioi). 

Tn each parliciilnr rase, the clioice of the method must be tniidc 
Bfler a definite analysis of the factor space region within wliicli 
the solution is to he sought. Such on analysis can be performed by 
constnicling a series of two-dimensional sections with the aid of 
polynomials. By applying the ED leciinitiue it is possible to obtain 
the relations helween the motor operating factors and variable pa- 
rnnv'li'i’s such as rolor resistance /?' aud st,itor rcRislance R‘. Thus, 
for (he A-42-B motor 

ij = fJ.8.ul — i1.0l4rt’’ — 0^122/?' 
cos T = 0.83 + O.OBfi/?' — ti.OI8/7* + 0.02f./?'/?' 

= (5.5G — iyi4H' — O.Slfl'/f* (11.27) 

= (J.3S - O.OHd/?’- - 0.041/1' 

= 0.83 0.1)30/?' — O.o:i0«' I- 0.064fl'??* 

Ttie ahovc polynonu.nl relations are talhcr .simple .since the prob¬ 
lem being solved involves t)ic varinllou ul only two variable pnro- 
molers.. U eould be assiimod that the search for an optimum under 
lliL'se ctindilions does not encounter difficullies. However, the anal¬ 
ysis of variants of the solutions provide.s different results. 

Tile most specific ca.sos met with in optimiralion of electric nmcli- 
iues result from a Phar)/ly rHhicerl region of soardi. The Juoca in 
whicli tile ubjectivo function ftaliafies tlm imposed constraints are 
siiinil. £0 it ts difficiiU to obtain such r.ones For Ihe organization of 
siepwiso procedures williont constructing the soctiofis. Tlie solution 
of optimization pridilems of this class presents difficulties associat¬ 
ed with llie choice of llio refeiencc point needed to initiate the di¬ 
rected search. Tliis is af.so ilie ca.se for u large class of problems involv¬ 
ed ill the analysis of electric inarhlnes. Whnt iiocount.s for tjiia fact 
is llial an iudiiciion oiaoliiue as the object under aiialysi.s is .i fairly 
well .studied object from both IIib thcorpiicpl and the practical slnrid- 
point. The inaclmios in series prodhofion are rather close tn opliinnl 
ones if (lie impused constraints oro taken into ,'iceounl, Hnnce, the 
possibilities ol improving their chariiclei'istlcs are not. large, iiiul 
so Hie /one of permissible .search for the solution is small, 

The polynomial relations and optimum senrcli zones oblaineil by 
Hie ED technique a.ssist in choosing the reference point needed for 
Hie organizalton of liio directed search. Problems are met with in 
practice in which the search region is discoiitiniiuiis. In liainlling 
tlte.se problems by miniertcni methoils, there i.s a risk of mi.slakiiig 
the point of a pnrlinl e-Xti-emum for the oidinium point. The nnniysis 

14-..II7S 
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uf Iwo-diineJisional section zones iielps the engineer avoid this mis¬ 
take. 

Appendix IV presents tlie assignment for Llie solution of design 
opllmizalion problems for an induction machine with the aid of 
ED technique. Applying this technique, llie analy.st can irnusform 
the generalized machine model equations into simple polynomial 
relations between the operutihg factors of a machine and its para¬ 
meters. The ED technique also .nllows one to single out the main 
and secondary factors that affect certain operating charaolerlstics. 
By use of the ED technique, it hocomes possihlo to construct liigher- 
order rnnihematical morlels of energy convertors and pass to geo¬ 
metric programming. 


Chapter 12 

Synthesis of Electric Machines 

12.1. Optimization of Energy Converters. 

Optimization Methods 

The objective of the theory of olcclrio machinery is to find the 
ways for the evolution of new energy converters and optimization 
of conventional types. The design of a machine includes the stages 
of compulation and engineering development. In the general case, 
computation represents a mathem.'ilically indefinite problem with 
many solutions because the number of unknowns in the problem is 
greater than the number of equations. The way out is therefore to 
preset the values of certain quantities reasoning from tlie experience 
gained in electric machino engineering. Of a few design versions, 
the most advantageous, optimum one, is then chosen. 

A criterion of optimization can be a minunnm total cost required 
for the production and operation of a machine, a minimum mass and 
cost of the machine, and other factors. An optimizatiou crilorion 
depends on the field of application of a particular machine, time, 
costs of materials and energy, etc. These factors complicate the 
ta.sk of seeking an optiranin design. 

There is a great number of methods of electric machine design. 
Each method relies on certain mathematical models interrelating 
input and output characteristics of a machine. Most methods use 
design equations obtained both analytically and empirically. Some 
methods employ equations derived from equivalent circuit models. 
In tlie last years attempts have been made to use differential equa¬ 
tions to form a mathematical model for designing energy’ converters. 
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The use of differential eguaiions of eleetromechonieal energy ronver- 
sion for design purposes offers a means of considering both siatic and 
dynamic chnrncterislics of ECs. Computing facilihes nuikc il possible 
to establisl) ibe chflraoierislics of stcady-slnle opornlion as a parli- 
ciilar case of transient operation. Thus it is possible to proceed with 
dynnmirs not from the equivaiont circuit, i.c. not from the particular 
to the general. b\il from the general equations of energy conversion 
to statics. 

The modols bring set up in tins manner have brought forth tlio 
problems for simplifying the mathematical analysis of energy con¬ 
version and made it necessary to introduce tho notion of specific pow¬ 
er. ft proves identical Ihroughoui the air gap in properly designed 
elecCric machines and can probably serve as a basic quantity in design¬ 
ing ECs, 

The problems involved in the optimization of ECs generally have 
.several .solutions The end pursued by optimisation is to seek the best 
solution among many potentially possible solutions. An unambiguous 
problem does not need nplimiz.stion. 

Optimization relies on many methods, from rather cnmplicnl.od 
analytic and niimericnl approaches to those based on liaiid compiita- 
tion. Regarding its mathematical slalemeni, the optimization prob¬ 
lem reduces tu the problem of nonlinear programming. Its formula¬ 
tion can be ns follows; firu^tho evtreipuni (the maximum orminiraum) 
of a definite fimclion f (*) dependent on variables x,, xj, . . 
on condition that the two kinds of conslrsinls are satisfied: 

Gi ^ Iff, I = t,2, , , ,, n 

f/ f^X hj, / = 1, 2, . . ., m 

where X is tho \cctor whose coordinates are i,, Xj.i„; (J) 

represents .some constraint functions; and £?<, Hf. yj. hj are the qnanl.- 
ities defining the bounds of a permissible area. 

The constraints in the design singe of energy converlcia are tho 
ones imposed on overheating, cost, dimensions, etc. The widespread 
methods that allow for canstrBinl.s are the following. 

1. The method (or determining boundary values of variables, 
■which i.s convenient for use in gi'adient and coordinate-search opli- 
mizniioD procedures involving the constraints impotied on independ¬ 
ent variables. 

2. The penally Rinction method tlial allows for inequality con¬ 
straints and relies on n new function 

J lx, u. 'll = f (x, il, 7) -1- P (r, u, J) 

where I (x. u, 0 *9 the objective function under analysis: J (x, u. /) 
is a newly derived function; and P {T. u. i) is the penalty function. 

The sign of n penalty function depends on tho Cour.se of the solu- 
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tioii; tlip ruiiciuin is iicjjnlivp iii icstiiie ii Sor flic mnsimuin, and posi¬ 
tive ill tesliiic il for (Iw miniimim. Rneli penalty funciuui provides 
n nunici'ir.il approACli ii> llie dirert .solution of the problem. 

•t. The ij»(fitiii^i«n m'dliplior moilioj which rather oftirionlly 
allowi- ior etiiialily coiistioinU. The method uses Lngrnngiaii mulU- 
plieis to jiilrodot'u the cnuelralnts into tlio newly implomeDteil func¬ 
tion. The exlromiirn of the new function ran he sought hy employing 
slnmhii'il niellioj.'* of malheiTiHlicnl programmiiia. 

Assuming we have dofined the problem subject lo optimization, 
wo ran choose ono of llic genoral oirtimization raethod-s, The.sn in- 
cludo Ihe mclliods of investigniioii of various design versions, which 
iiivnlve the nuitlj'sls ol o few possible srilutions of Ihe same pniblem 
with Iho aim of finding the best; expcrimontal mclliods withaul Ibo 
slndy of corrospoinling malhomaUcnl models of Ibe objocU of i(i- 
loresli graphical inotliods based on tliO graphical rcpresonlnl iiJU of 
llic fiinctioii being npllmized and depeiuleill on one or Iwo vaciabics; 
analylicul niplliods using the Ctassu-al prineiplos of differential and 
vartationnl calcHlns; .and nnmericnl methods. 

Rfir llm solution of engineering piohlenis iavulving nonlinear 
rehilioiis, it is expodionl to use numerical inetlinds. 

Tlio litsL iipproncho* to optnnizalion of okn'lric iiiacliines have 
inauily relied on iho method of seqttcnuni trnciiig of spiicial urid 
points, or nudes. In this method, the permissible area of variation 
of each of tin* facturs is broken down into m nteslies with a definilo 
flop iiiid an npiimiiin version i« souglil by ivncing tlio grid ponds 
Step by slop. The method, being virliudly .simple. Iioconies r.ather 
fiinihorsome with an inrroaso in tlie niimbor of dosigii variabie.s and 
a del rensc in the stop Icngtli. Tlie total iiumhrr of Ihe sohilions hy 
lilts inrlhod is equal to nppro.vimatcdy the product ol Ihe sleps made 
for all varinblo.*, i.e. /iii H . . . m„. 'I'lte mclhod cunsiimes a 
fairly erciii deal of time. 

Thu next melliod that has rcceivod wido ai'jilicalion is tlie r.aoss- 
.Scidcl relaxation (snccossivo-vlisplacciiieni.s) iiniiliod. The Idea of 
the method lies in the soquonlial sciirch for the pniliiil ('vtiimtuni ol 
Ihe output fuiiiTion for oarh variahlu of the sysi.om. The .scoicti is 
turininntcd when the iie.M point of iho space liii’Tis out to bo the ex¬ 
tremum in nil coordinale directions. The method is cffitionl for 
application to tlic olijccts in which iho correlation brtween inde- 
pondcid variable." does not i.>xi.-‘l. The single Inivorsv' llirougb all 
varinblos ran then lend to the solution of tlio posed ptobicin. For 
Ibu objects willi n large niiiiiher of variables W'lticfi correlate wilh 
eacli othur, the method proves iucouvenicol. 

Tho method of the steepest slope or stoepusl descent (Jacobi's 
mulhod) is a version of the gradient method. 'The direction of searrli 
liCTc L" opposite lo llie direction of tha gradient. If / •< f Un), 

tile niininii/.iliiiii prucudui'e follow’;' each >tep is taken in the same 
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(lireiMioii (mill J Uh+i) ‘■“'■ns out to l>o efcoloT tlinn ] (j„> nt ii evrUilri 
step. regrossion to tliu jioilil »i, «ml calfulalioil of tlio giailmnl 

anew, llio .sjAtcIi i.s noniinuoit as heforc. Tliis nietlioil nin/o cffi- 
l•,iclU than llie gradipiit itielliod liut bePnmos iiiopernlive iit tin* pn’- 
sonce of inlernnl interface!;. 'I’liis dernorll limits llic uaos of llio ?ni-llt- 
0(1. pai’tiiiilHrly for opVliuixation of mulliparaniol.ric objects. 

Tlio melliod of cnnfigiirol ions ensures a siiceo.ssfiil seiircli along (lio 
edge nf n .sharp ridge. The nlgofiiliin oi siuitcli consists in llin follow¬ 
ing. At ihe first .singe the initial viilues of all dtistgn varlablos ij, 
including the initial inci’etneni Agj. am set and ttie vnluo of / (*) 
IS found. Each variable is titeii made to vnr)' cyulicnily by the value 
of tliC adopted increment in ordfer that all the parfliPi'let's niighl 
chiinge. It, for c-Miinple, the vnJiie of xl = j:“ -n Aii does not. lend 
to 0 decrease in Ihe olijociivo function tin solving tlio xninimiintntti 
problem), xj is varied by —A.t^ and f (*) is agnin leSled as lieforu. 
If tills varlaliou docs not offer improveraeiit, xj is liept coiistanL. 
The next stage involves n variation of xj by Ar,, llieii a varinltiiii of 
Ibe .successive vnrtoble and so long, llicrcby cbaiiging all design 


variables and completing Iho first cycle of tlio invesligaiion.At 
each .step mode in the analysis of an indopr'tidenl variable Ilia value 
of / (.r) is compared with its valiio at, the preceding pnitll. If ilie 
obieclivo rouclion docroii.sas at n given step, it.s preceding vnliii" is 
changed for a new one and used at Kubseiioeiil slops for conipnri.soii. 
To speed up the scorch for llie oplimnin, iliu length of step Ax can 
tie changed by affixing a eerlain riitiUipliec >• 1 to ilie giianiily 

Aai- 

VN’lial should be regarded a.s llie main disndvaiiiage of Ibis melliod 
fa that all lentntlvo slops me taken parallel to cuordiiuito e.vea and 
no infornuilinii about other direciiuns Is available .so it is quite posst- 
ble to miss the ridge, 

TliPie aro alsn niolliods based on quadratic convergoiice. For 
quadratic funelione, llie.se methods enable rinding a ininimum inde¬ 
pendent of llio rofereiice point for n limited iintiiber iif iti'raliuiis. 
For I'uiicliotiR wliich are amenable to n liigh-degreo of apprONiinnlion 
near Ibe extromuni point by llio qiiodrnlic dependence, those methods 
ensure quick coiivergeucc. Bnl they call for Iho ealritlntion of not 
only the first derivatives hot also Ihe second derivatives. In solv¬ 
ing many engineering problems, however, llio cnlculaljon of partial 
derivatives bulb analytically and numerically presents difficiilties. 

The above described mirnerica) molliodsof search tor the exiremuro 
can be placed into the group of diMermini-stic melhod.s because the 
direction nf search with these met boils is iiniqiiely defined by the 
logic of Ibe soareb process 

In Ihe practice of optimum de.sign of electric inacliines aiiotlier 
group of metliods finds wide use. These are sluclinslic triiiidom) 
mellinds in wliicli the direction of search i.s clio.son quite randomly. 
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If th« olijocUvo fiiacUou siliows an inci'casse in value in any one 
dii'ochou. tljo search is carried out In this direction until llie exlroni- 
tim is I'ound. These methods prove rather efficient for the searcli of 
tlic cxlremiini of tlie function whose behavior is not known at all. 
However, the random search does not. use the information on both 
till* previous walk and the bclinvior of the Iryporplane, which leads 
to n considerable loss of litne. 

The methods that show most promise are the ones wliicli success¬ 
fully combine the elouients of deterministic methods with those of 
stocliastic melltods of search. One of tlujso is tlie coinple.t method. 
This method is a modification of the simples method inveni.ed by 
G. 13. Dantzig: and rotaiiis the ba.aic principle of thn latter. The 
complex mel’Uod uses N P vertices (P ^ 0). each of whicJi must 
Swti.sfy conatratnta at oli K stages. In iho permi-ssihle area nt the 
factor ?pacD these vertices are set up in u random niaiincr. following 
w'liich tho value cf the abjective function is found at uacli vertex 
of tho complex. The vertex at wliich the finiction / (r) has the worst 
value is replaced by a new veric.\' lucuted on the line that passes 
througli the rejected point and the center a! cluster ot the remaining 
vertices of tlie complex at a distance equal to or greater than tho 
distance from the rejected point to tile center of cluster, if it happens 
that the new vGrto.x has Iha worst value ns against those of tho verlio- 
es of the new comple.x, a now vortox is set at 6 half-distance from 
the worst point to the best vortex of tho ruimpla*. If the search is 
successful, llio compk'.v expands and dcfortn.s in Cite direction of the 
eviremum. Tlie process of search continues until the complo.v is 
drawn logellier at the center of cluster within tlie limits of the spe- 
cilivd accuracy. The method enables a successful! solution ot miilti- 
o.xlreniuni problems. In progress today Is the development of new 
optimization melltods. However, the number ol problems to be solv¬ 
ed crow.s faster than the number of methods requii-fid for their solu¬ 
tion. It .seems unlikely that sometime a universal method would ap¬ 
pear and edge out all other mothods. Morn probably, the best op¬ 
timization molhods will be found for tlie definite classes of prob¬ 
lems. 

12.2. Oeomelric Programming 

Geontflric programming Is a new branch of mathematical programm¬ 
ing, which can be used to advantage for the aolMon of optimisafion 
problems in electromechanics. The geometric programming tecliniqiie 
can efficiently tackle the miniinizaiion problems, in wliicIi the op¬ 
timality and constraial criteria are e.xpressod in terms of lire non¬ 
linear functions of the dofluite form. Geometric programming in com¬ 
bination with experimental design provides a pouierful tool for the con¬ 
struction of new malhemtjJieal models applied In the si/nihesis of energy 
converters. 
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In specific cases, gooraetric programming enables ihe solution 
of problems analylienlly for quite a definite class of functions of 
the form 

|c=l 

.C" 

where u,, u,, .... iin are ihc positive components of the function 
g(t); C'l. Cj, . . C„ ore positive coiisinnt coefficients; a,/ are 
erbitrarj' real numbers fi = 1. 2 . . . ., n; / = 1, 2 . . . ., tn); and 

t,, £,. t„ nre positive independent variables. 

Such fund ions arc known ns positive polynomials, or posynomials 
for short (nonlinear polynomials with positive coefficients), and 
form tlie basis of the progr-immiiig technique. The basic require¬ 
ment of tite technique comes to llie representation of the functions 
under analysis by the linear sums of positive camponenls u,-. 

In engineering problems tlie functions are often e.vpresscd in 
implicit form. By perforiniiig approprialo transformations, the 
fimrtinn can he ca.st in the form of a posynomial to enable ihe solu¬ 
tion of an ordinary problem of geometric progrnmniiag. 

The function of the form 

g (0 = / (t) -f Iq wn it) (12.3) 

reduces to a posynomial 

gh) = f it) -t- tih U) (12.4) 

with tlie aid of an additional independent variable £o on condition 
that 

io'g ( 0 <i 

In the above formulas, f (<), q (£), and h (t) are posynomials in 

the independonl variable: £ — (£[. Ij.£m): a > 0; and 

T = (f(i, £4 .£m) is a minimizing (Iranslormed) veclor varia¬ 

ble. 

The function of the form 

g(-^) =f (£) - " (£} 

where u It) is a single-term posynomial, aLso belongs to the class of 
problems solvable by ihe given lechnique because the minimization 
of llie function (12.4) is equivalent to the minimization of the func¬ 
tion 

g (t) = li/j (12,5) 

subject to the constraint 

to'u (t) + / (t)/u (t) ^ i 

where 

T = In it)-fit), t .£„| 
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Tho sKbjecl of investigalioij in goomolric prograjnming is the 
expression 

^(0 =S I.' l7;y («)r'^r(1 -;>,v (12.6) 

■whore qij (<) and p,j (/) aro posynomiala; and a,v and bu are positive 
constaiil quantities. 

Tho siga-cJian('ing property of a posynnmial leads to a variety 
of constraints—inequalities, Conslrainls are the subject of itivesliga- 
tion in inverse geometric progroniming which is not a part of corivex 
progranimiJig and therefore most of the important theorems of the 
original geofnotric programming are irnncccptahio for lliis typo of 
programming, 

Tho geometric programming technique relies on the rlnssicul in- 
oqiiaiity according to which the aritlunetic mean does not exceed the 
geometric mean: 

+ (12.7) 

whoi'o L'y, L'g, . . ., t'„ are arbitrary positive numbers (components 
of the liinclinns); 6,, 6,.6„ are arbitrary positive weighus sa¬ 

tisfying (Jie normality condition 

6, -(- 6, + . . . 4- = 1 112.8) 

For variables u, = 6,C'i. u, = bat'll- . . .* Ut, — the geo¬ 

metric inequality ns.sunios tite form 

... -t-it„Xu,/6,)«i(nj 6,)''»... (k„/S„)«« (12.9) 

Tlicro is a o/ic-to-onc corrospoiidcnce between the weigJits 6/ and 
po.silivo component.s of the function. At the point of optimum llio 
weights 6j arc the relalivo values uf these terms, therefore the vectors 
b (bji bj, • - 6„) and u (u,, U;.u„) aro parallel to each other. 

In problems associated with constraints the positive componnnis 
ol the normality vector are nonnormalijsed components; 

6, + b, -f . . . -f 6„ 1 (12.10) 

Normnlir.aliun occurs will* the aid of tl»e multiplier >. which is 
equal to the sum of nonnormalized weights; 

X = A, 4- Aj4- . . . 4- A„ (12.11) 

whore Aj, A,, . . A„ arc notinormalized weights: ^ i.s the mulll- 
pliur relating each normalized weight to a correspondiiig nonnorniali- 
zeil weight: 

A^ = ?v6(. i = 1, 2, . n 

The geometric inequality with nunuormalized weights has tlie 
foun 

(ri,4Ht'l--- •4-«n)^^(uj'Ai)'‘M'^sfAa)^*--- A^ (12.12) 
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Tlic problem of geimielric progromming reflurcs (.o llic mininiiia- 
Uon of the objective function 

(«)>(«,yA,)4. A AJ» (12.13> 

subject to constraints 

n ((O'A,)^ I'i Al» (12.14). 

* k=l “ 

J W (m*, m*+,, . . (12.1."!) 

where /f = 1, 2, . ... p in Eq. (12.14) and = 0. 1, 2, . . ., p; 
mo = 1; mj = ftj + 1, . . ., n,, = n in Eq. (12.!.'>). 

One of the variables 6( corrc.spomis to each term g. In (/)! of llie 
constraint fiincllons (/c = 1, 2, . . ., p). Tlie constraint fiinclious 
gh (f) .yield multipliers Tho objective function does not entnil 
tbo emorgciice of multipliers X* because X* = 1 for fe = 0 according 
to the normality condition, i.c. because the normnlixnlion factor 
X, is taken equal to unity. The normality condition represents the 
solo part of the optimualion problem, in wliicli there is n distinc¬ 
tion bctwcon U)e objective function (/) and posynoniial corislriiints 

gk (0i A = 1. 2, . . p. 

If wc i‘.\press the positive components of the objective function 
ouil constraint fiiiiclion.s in terms of tho independent variables 
*11 * 2 i r . frat U>e relation will take the form 

go I n (fi f^i) 11 (12.16) 

where C, denotes the coefficionts on positive components Ij 
denoto.s positive imlcpmident variables; and Dj represents the linear 
combination of e.vpoiienls of independent variables; 

n 

/ = 1» 2, .,., m (12.17) 

Here, a,j denotes the arbitrary rosil numbers used to form the ex¬ 
ponent matrix | a,/ |, 

The right side of (12.16) is termed the pre-duul function and desig¬ 
nated as V (6, /), It is a function of the positive weights and iiidepond- 
eiit variables. Tho pro-dual function V (6. /) takes on a minimum 
valuo when the linear combinations are equal to xero 

|^V(/ = 0 (12.18) 

In this pai'licular case all independent variables tj are raised to 
tho zero power and the pre-dual function is only dependent on 6| 
positive weights. 
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Tlie niimbop n of rows of the oxpouent mntrix (i = 1, 2, ... 

. , m‘, 7 = 1.2, . . n) deterinini’S ilie dimension of the vector 
-of exponents aihI is in strict ooncspondeiire with the iiiimbcr of 
terras of nil polynomials. The tiurobcr m of columns determines the 
dimension of the spnee of the e.xpi»iicnls and is equal to the number 
of independent variables of the objective function. 

If the number of rows is equal to or smaller than the number of 
coluiniis, i.c. the dimension of tlie exponent vector is greater than 
the dimension of the colunm vector of the exponent matrix, the 
•orthogonality condition cannot be met and, hence, the problem has 
nu solution. The quantity 

cf = „ — (n, -I-1) (12.19) 

is termed (he degree of diffieulty of a problem. 

If the dimension of the e.xponent vector is greater than the dimen¬ 
sion of the column vector of tlie exponent matrix, llion, in tht.s parti¬ 
cular case, tbero is an analytical solution of ihc problem. 

When n = m -t- i, there oxi.sts the single direction of the solu¬ 
tion vector that is normal to all column vectors of the ex'ponent 
mntrix. The orthogoimlily condition, which forms the vector sub- 
apace of the n-diniensional space, uniquely deleimines llio dual vector 
d without performing lira normaliziitioa process. In this case the 
number of unknown equations is equal to the iiuraber of linear equa¬ 
tions which satisfy tile conditions of th? dual problem iprogrnm) in 
the form of equalities. In Ibe general eafio. wbeii n > m -r I, all 
the solutions for ortliOgOnalily conditions define only the dual space 
■whoso dimension is equal to n — m. 

liixpressiuii (12.1(1) then takes the form 

p(6)=in (C,/6|)*‘] rf (12,20) 

t=i »=i * 

■which IS a dual function, and 6,, fif. . . ., 8n are dual variables. 
Here two kind.s of linear constraints appear in the form of inequalit¬ 
ies nod in the form of equalities. 

The first constraint imposed on the vector 8 is the condition of 
■nonnegal ivily of dual variables; 

8, >0. -6, >0 (12.21) 

The tonslraiul (l2.2l) implies tliot none of the components of 
■6 ran be negative. 

According to the sotoiid kind of linear constraints, the sum of 
•components corresponding to the primal function i.s equal to unity 
•(Llic normality coiuliUoii). 

There, is a third kind of constraints, namely, vector orthogonality 
•constraints. They appear as a result of application of tile inequality 
to which there must correspond the scalar product of n-dimensional 
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vedors. Tim orthogoiialily condition underlies tlie theories of dual¬ 
ity and requires that the vector 6 belong to (he space orthogonal 
with respect to the coliimn vectors ol the exponeril mnlrix. Tlic as- 
auniplion is that the column vectors of tlie exponent matrix are li¬ 
nearly indciiendcut. For geometric programming problems with the 
aero degree of diffieiiJly the dual region contains one point. The so¬ 
lution of the dual and tlie primal problem reiluces to tbe solution of 
the system of linear equations, in which tlie dclerminuiil is different 
from zero. This sysloin of equations ha.s a unique solution. 

At a positive degj'oe of difficulty, the tlual regiuu has a high de¬ 
gree of arbitrariness. A uniqiio solution of the system of linear equa¬ 
tions does not then e.vis(. 

The dual function is simpler than the primal function. A dual 
program offers computing advantages because llie constraints are 
linear: the constraints of a primal program are nonlinear. That is 
why the first stage of the solution to geometric programming prob¬ 
lems involves the estimation of the dual vector satisfying the condi¬ 
tions of ortbogonality out! normality. 

The solution of the sy.siem of linear equations 

5i "T 6, - 1 - ... -i- a„ = 1 

n,i^ -F Sii^* -i- • - • + Oin^n = l> (12.22) 


-T "insfii -F . . . 4 a,„„6„ = 0 

fully defines the direction of the dual vector. 

The dual vector 6' (6,',6', . . ., 6^) offers the possibillly of determ¬ 
ining the dual function from the expression 

u{ 6 ')=(c, . { c „ (12 2.4) 

By the duality theory, maximizing dual viiriahles fi/ yield minim¬ 
izing independent variables of tlie objective function, tl. Therefore, 

= i=I, 2, (12.24) 

Taking the logs of (12.24) gives the sj'slem of n linear equations 
in independent variables of the primul (unction. The solution of 
those oqu.atioiis determines the soughi-for optimal value of the objec¬ 
tive fiinrtion. 

In analogy to linear programming, the technique of geometric 
programming relies on the duality theory. But there is a difference, 
namely, in going from the primal to the dual program, tbe nonlinear 
function (12.6) becomes linear due to the transition from the region 
of independent variablo.s to the region of c.vponents. 

The theory of geometric programming is sot forth to describe con¬ 
vex functions defined on,a convex set, According to the basic tlieoroni 
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ol convex progcammiiig, any point, ol a tncnl niinimiiin of the fiiiic- 
lion is also llie point ot a global muiimum of Ihc givon htriction. 
Therefore, there is no need to ohlniii local extrema nml compare lliem 
to make the choice of tlie global solution. 

The hnsic criterion of ilie method of geometric programming is 
l.hv objective constraint. The objective Iniirtion. or opliinality cri- 
lorlon, is subject to various constraints (in the torni of equalities 
anil inequalities) imposed on, say, the cost, dimensions, and over- 
boat in dosignlng eloclric machines. 

In llic (e.vl above (see Soc. 12.1) a few conslroint methods have 
been brought out. namely, itie metliods of houndary values, penally 
runctieiis, and Lagrnngian inulliplicrs. In geometric prograniining, 
the prncctliiro of solving practic.il prubloin.s may involve a great 
niituiier of conwi.raini.s which present difficulties in using this tech¬ 
nique. The objective coiislreint, i.o. the fniicllonal Constraint equi¬ 
valent to all individual con.strairits. ubviales lliesc dirficullies, 

Tlic objective conslrninl is, a mnnornial 

O (ClJ'ff* ... (12.25) 

where C is tlie coefficiciu of the objective cumslrHinl (C > 0); 
ii, fj, . . ., are independent variables of ihe system; and 
I,, x-i .i'„ are objective o.xpunculs. 

Having (7 fimclional con.sl.rainls, one has lo define ?,i. 1-j, ... 
. . ., . . ., X, Lngrangian nmlt.iplters. lilacb Lagriioginil multi¬ 

plier coiTcspoml.s to the constraint weiglil. Tlie objeclivo con.sliaint 
combines all eonstraiiits. so one Tjagriiiigian multiplier italled an 
ob/ecliie multiftlier corresponds lo this constrainl.; 

- >.,Aj . , , h (12.26) 

Wlicrn llii* region of senreh for tbo objective fiiiiciion is a puiiil, Ibe 
search for tlie funrlion oxlreuium and corresponding roordinaies 
comes to a well-founded single computatioti procedure. 

The objcctivo coiistniint cannot apply lo all problems. It can 
act as a useful tool in .solving problems of ilic zero degree of diffi¬ 
culty. nnd also in e-xporimenbil de.sign nnd goomniric prngranitning. 


12.3. Design of Electric Machines 
by Geometric Programming 

The design oj an electric machine by geometric programming begins 
with calculations based on the erperlmenial design lechnUiue. The ini¬ 
tial stage comes to working out the program by use of the known design 
formulas to test the [unetton in the region of Interest anti tlerive the 
first system of linear equation-s covering nil a priori information 
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on Uie macliine. Snch a system of equations may lake llio form 

CoS Ip = CjjXi “ 1 “ ^12^:2 “ ■ « ■ “K 

T| = Cjj.T, + C22->'2 + - • • "h Ca„I„ 112.27) 


— CCf^i “I’ . . . Centum. 

where cos q, efficiency t|, and cm'reiU ratio ki are the output cliarncier- 
Islit'K'? o( Iho maohino; ij. j;,, , , ,, x„ are tlie objective expniierits 
of independent variables in the objective constraint; Cn, C,., . . . 
. . Crrn the coefficiGnts of rogrossion; and i: is the iiiitnbor of 
constraint functions of the optimum design. 

At optimum elenign by geometric programming, the functione tire 
carl in the form of posynomiaU. Thus, ,llie mass of the stator winding 
is found from llte formula 


Gcu — e-ilcvL (f "I" f*) fO • 


02.2ft) 


wliere Gc,, is (lie mass of the roppur winding, kg; g is the dcn.'iiiy 
of the sl.nlor winding material, g/cin^; S, is the number of effective 
conductors in the slot; z, is the number of slots in the slalor; >3 
U(e cross .section of (he effective conductor, mm*; I is the stator core 
length, mm; and I, i.s the average length of the stator-winding face 
portion, mm. 

On suhsliliiting (he value of the face iiortiou and innkiiig simple 
tc.'insforniations, the e.vpression for the stator winding mass assumes 
the form 


Ci.n ^ gS^iqx, j,l -f gS ^icM>(,iyinD, 

+ gS clLuftnUi^k^i + 2g5cZi7cufl 


(12.211) 


where kfi and D are the quantities accounling for the geometric 
dimonsioiis of the winding face portion; i/, is the stator winding pilch; 
Dt is the inner diameter of the stator, mm; and hji design height 
of the stator .slot, mm. 

The slot area is given by 

S, = ffcijfcjAicul'dcu 

where b, is the slot width; and /tq,, is the space factor accounling 
for the degree of filling llie slot with copper. 

Tlie oxprcs.sion (or the winding nriass finally takes tho form 


Ccu = Bh'tcub,h,il -f gyinkfikcnb.haO, 
+ g!J,ifknlfr.ubJtft + 2gZjkcab 
The efficiency c.itpression of the form 

T, = (i - 100% 


(12 30) 


(12.(1) 
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is not amenable to testing by the lechniquo of geometric prograra- 
nting. Biitj assuming that a maximtim efficiency derives from a minim¬ 
um loss, we perform transfornmtions and obloin the expression for 
the lolaJ loss in llie posynomial form 

i P = P^ + P^■l^. (12.32) 

i*^t 


where Pj.Pn aro individual losses In the tnachine, which 

can be defined in terms of geometric dimensions. 

In a similar way we can derive expressions for the machine cost, 
healing, and other factors. Depending ou the slatement of the prob¬ 
lem. the unknown quantflics can be the parameters of the equival¬ 
ent circtitl, voltage, torque, etc. 

The starting torque can be expressed in the following posynomial 
form 


f/ilf.,= 


mtUf r'l miU 




y, U)j # I 

- m|U- * * ntiii-f ri 


^ 2>i>, C,r,ij < 0 | 

rj "tiUf ri 


(12.33) 


The solution of Eqs. (12.27) applies to the second system of linear 
equations which describe tho link between the elements of tbo ex¬ 
ponent matrix of Ihe design and tho positive components of the 
dun I vector 

o„6, -f a,j6, -!- ... -r a,„6„ = 0 

«iA -r «»,6i + . . . -H = 0 H2.34) 


0»*U^l *r U7ri-hj -f- ... "K ' ti 

where a,^, . . .. a,„„ are the exponents of independent variables in 
the optimum design; 6,, 6,, . . .» are the positive components of 
the minimizing dual vector. 

The system of equations ll2.34) represents the relation between 
the exponent matrix of the design and the positive components of 
the minimizing tlunl vector. The last column vector of the exponent 
matri.x results from the .solution of the first system of linear eqim- 
lions. The independent (unknowm) variables of the second system of 
equations are the positive components of the minimizing dual 
vector. The coefficients affixed to variables constitute the exponent 
matrix (12.34) and reflect the conditions of normality and oiihogon- 
aiity of the positive components of the dual vector. This system has 
a unique solution at the zero degitie of difficulty of the problem. 
In this case the number of independent variables of the design is 
smaller than the number of terms in the problem by one. 
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The coefficienls on the variables of Ihe third system are equal 1» 
(lie exponents of the independent variables of the design: 

OjiZi 4- a»iSi + , . . + a„,s„ = &, 

®ia^j 4" 4" • • . 4" 

... . (12.35>. 

4” Oan^a 4" • • • 4" Omn^m “ 

where 2 ,, Zg.Zm nre the lugs of the absolute values of indepen¬ 
dent variables; 6,, i*, . . are the logs of the product of tlio 

positivo c-oinponouts of the minimizing dual vector and the object¬ 
ive functiun minus the logs of the coefficients on the variables of 
(he positive components of the objective function. 

The design process yields final results by taking the antflogs of 
the results of the solution to the third system of linear algebraic 
equations. 

As an example, consider the problem of search for the geometric 
dimensions of an energy converter that ensure the specified static 
and dynamic output characteristics and effect a maximum saving 
in copper. 

The objective function is given by (12..30) for determining the 
mass of the winding. This function depends on four variables, 
Di, I, b,, and hfi. Denote the exponents by , Xj, x,, and x, for tbe 
variables b,, h^, (, and Dt respectively. The expression for con¬ 
straint functions will then take the form of (12.27). The solution of 
(12.27) enables us to form the objective constraint 

(12.36). 

The second equation in (12.34) will then take the form 
Id, + 16, 4- Ifi, 4- 16, 06, = 1 

16, -1- 16, 4- 16, 16, — xjd, ^ 0 

16, 4- 16. -H 16, + 26, - x,6, = 0 (12.37> 

16, 4- 06, 06, -}- 06, — x,6s = 0 

06, 4- 06, 4" 16, 4" 06, — x,6s = 0 

Solving (12.37) with consideration for (12.27) gives an optinium- 
(minimum) value of the objective function 

GcMmtn=[—^) [ - ) 

X (-g-)"‘6*« (12.38). 

At the optimum point the individual terms are equal to the pro¬ 
duct of the minimum value of the objective function by the respect- 
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ivc positive coniponetils of the miniinijing dual voclor 6 ; 

^fica mill = 

= 2kc»ghBbA^ (12.39) 

63 &CU inin ~ 

nUn — ^kcuknSyibjAzi 

Taking tlie log of each of tho cqualiofis in (12.39) yields 
in ( 6 ,Gcurntn) = lu (/tcu*iff) + ln hj -(- In fe,, In / 

In ( 6 aCcuo>in) = In (2/fKiiffSiG) + In fc, + In h^^ (12.40) 

In (fi/Jcnniiti) = In (nkru'Cngyi) + In b. -r In h,, -|- In D, 

In ( 6 ,Ccumiii) = In (Tikcj,kf,gy,) + In h, + 2ln ft;, 

ItilrodMcinf? tho nolalion 

6| = 111 l6iC^Cuinin) — 

6 , = In ( 6 ,Gcu a.in) - In (»2.41) 

b.i = In ( 6 ;,Cca,„ii,) — In (ji/rcuk/iWi) 

(>4 = In (djGcuinia) — In InkcaltiigUi) 

Zj = in 6j, ij = In /ij4, Z3 In 1. 14 = In Di 
-we Ki’l the third sysloni of eqiialioiis which have 11 uniqiie solution 
Izj -I- Izj T Izj H- Oz* — fcj 

IZj + •*» -r Ozj + 0z4 = hj (12.42) 

Iz, — Isj + Oza — 1*4 = bi, 

1 Zi ~|“ 2 z. 4 “h Ozg “ 0^4 = 

Taking the anlilogs of the solutions of (12.42) gives the coordinnles 
of the niiiiimizing point of the ohjcclive fimclioti. The final results 
are defined by the e.-eprossions of the form 

64 =»«n, hj, =e'«, /=(.'*’, Dj =e*< (12.43) 

Tho method of geometric programming c.an yield Mie relations 
between the output and input chajactorislics of the object under 
study in the form of the systems of linear algehraic equiitioiis. 

Tlie analysis of energy converlers with the aid of the c.\poncnts 
of independent variables Ls (he generalization of a liigliar order than 
is tlie case for conventional models. The ohjective exponents of 
indopcndonl variables in the ohjectivo constraint and the positive 
components of the minimizing dual vector for electric mnclnnes of 
the same series change over insignificant intervals. Tlii.s permits 
e.xtending (he data on a Ihoronglily designed macliino model lo 
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otiter iJesigii versions of eloclric niacliine-< of the same series, llieroby 
culling down heavily the time required for the compulations 

The ilesign technique based on geometric programming follows 
from the goneralization of the tlieorj' of mathematical similitude, 
where the design procedure relies on Iho elementary laws of linear 
olgehrn. 

The methods of geometric programming logethor with experitnoiilal 
design methods hold much promise for the solution of optimization 
problems. These method.? do not certainly rule out the applications 
ot oilier optimization methods. 


Chapter 13 

Automated Design of Electric Machines 

13.1. General Points on fhe Evolution 
of the Systems of Automated Design 

III the USSH the use nf computers for design of electric machines 
was begun in the late 105Us. In the inId-lS170s a tendency evolved to 
iniograte separate design opproaciies aud form n single methodology 
to promote optimum dosigo of electric machines using the concept 
ot a generalized energy converter. However, the general design pro- 
codure at the time largely remained mnniinl dospilo the fact that 
Computers hold a dofinito place among other design loeaiis. 

In the modern poriod of application of computing facilities to 
the processe.s of design of electric mncliinos, the trend is to rear¬ 
range fully the design techniques on the basis of automated design 
systems so as to irao.sfor the design problem in the form of n mathe- 
mattcol model on to a computer to generate solutions. Thus, prin¬ 
cipally new design approaches havo Come into being. 

Obviously, high-qiinlity design work must he done in the shortest 
time possible, otherwise the ideas put into the project and the en¬ 
gineering solutions will be obsolescent even before the machines 
como into service. A design insufficiently worked out at llio early 
stage.? of its development entails a lengthy period of "upgrading” 
the prototypes or even remodeling them at the production stage, 
thereby adding to the expenses and protracting the design implemen¬ 
tation. 

A principle obstacle to the improvement of the quality of designs 
end reduction in Lite time of their development is the inconsistency 
between complex modern machinery and the old methods and means 



220 


Ch. 13. Automated Design of El»rtric Machlwit 


ol (lesiKniiig. At Hie fig<? of l^chrticnl progress, nii increoaefl complex- 
fly of ilesiptied objocla is inevjtiiblo, eod one c^evi.fliiily cannot raise 
tlic qiuilii.y of design woHc ihkI ucCL-lcrotc Hie ilesign procoss by jest 
iiicix<a.sing llie niunbor of design offices. Tlie problem is ameiioble 
Vo Ihe somtioii only wild the md of inHilienintical meihode anil com- 
pulinp facilities installed at project and design seivicos, manufao- 
loring organiicattoiia, and at various plants. 

Tile most effective design guideline is to convert from nnloina- 
tion ol individual do.sign.e to integrated uulomailon evolving for flip 
purpose Hiitoinated design systems (ADSs). The ADS is an ojrera- 
tionnl engineering system nssocialod with design office subunits and 
intended to fulfill Hie assigiimcnta by the available nulottiailc 
means wlHcii foi'in a specific complex. Tlie coniple.x cusnees methotl- 
jeal, programming, iiialerlnl infniin.itioji. and nrganizalional sup- 
poit. 

Tbs siibiiniu of u design office do conrdiiintod jobs using bardwate 
and relying on organij'.iillonal support. The basic function of tlie 
ADS is to carry oiH compn'er-aided dc.sign at nil slagos or some .stag¬ 
es of the design procedure using inathomalical and oilier mo- 
dels 

In the sysiems of automated design, the operator interacts with 
a computer i.o introduce appropriate changes into ibe description of 
the design and represent it in suitable languages. In some antomoMc 
procedures, the computer performs these operations an n closed- 
shop basis. 

Stnictiirally, Uie ADS consists of several subsysiems. A subsystem 
is an ADS part having its own specific features and capable of yield¬ 
ing complelo design solutions and olher useful iiiforniMVion. 

There are tibiect-orieotod (object) subsy^ieras and ohjocl-indopejid- 
GDl (invariant) subsystems, Tito object subsystem develops tile des¬ 
ign of a certain object (a class of objects) at a dofiniio design stage. It 
can work on a design of machine parts, components, produclion 
processes, etc. The invariant sniisyslem perfiinns contml fund ions 
and processes information independent of the features ol the object 
being designed. It can control the ADS; conversational proctdiives: 
numerical analysis: oplimizalion; input, processing, and output of 
graphical information; ond also ioformaiion retrieval proceduvos. 
An ADS siiJisystem consists of components intended to perform » 
common objective Cnnction. 

An ADS coinpotmiit is an element of the means of support tlial 
performs a defniilc function in its ADS subsystem- .AW the subsys¬ 
tems structurally form an integral system by virtue of the links 
between the ADS components of various subsystems. 

The components of methodical support are the iloi’umcntalioii 
which offers the following (either fully or gives references to prim¬ 
ary aourcca): the theory, methods, approaches, tnalhefOatical mo- 
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dels, dlgoritlinis, rtlgoritlimic languaeoe tur (lie desciupUoti of objccla, 
terminology, spaiifiCBtions, slandarJe, and oilier information noed- 
od for Llie methodology of design work in Uio subsysloins. The coni- 
pononls of progrnmming support are a (ollectioii of docnments com¬ 
prising vnriooR programs, progronis compiled on machine dntn car¬ 
riers. and service forms and records for proper ftincliomog of corres¬ 
pond log subsystems. 

ProgTommirig support incl'ides ihe oll-systom typi' and the sppli- 
cation type of software. Tlio eoniponents of all-system software are 
operating systems, symbolic Compilers, etc. The components of 
application software ara programs nnd packs of application pro¬ 
grams intended for design dilution generation. 

The components of material support ere coaipnting nnd office 
mechanization fBcilllies, data tranter means, measuring devices, 
and other types of hardware 

The components of information stippoil that form the data boso 
of the ADS nro the files of dociiments giving the descriplion of 
standard design procedures, standard design solutions, standard 
elements, items of sets, materials, and also other infornialion, in¬ 
cluding the files and data units with the record of Ibo above docuin- 
ents on tlie machine medium. 

Tbo components uf organizational support are methodical and 
other rnanual.s, regulntions and instructions ensuring the iiiteractioti 
between office subunits. 

Tlio analysis of the design of an object ia made by way of simula¬ 
tion ot the object on a Computer. The syolbesis of the design and its 
optimization are pul into effect by i-elrieving information from the 
computer memory in the conversational mode which involves the 
interaction of the designer with the compiilor. The dosigu work thu.'i 
acquires the features of what is known as “coBaputer-nlded (lesign". 
Here i.ho computer acts as a means of integration of the partial mod¬ 
els nnd techniques (ducisiuu-making procedures) slartuig from the 
general data and programmlng-lechnii'sl base of the ADS. 

In the ADS. the design process requires the intricately coordinat¬ 
ed work of the technical, programming, and information facilities. 
The computer interacts with the external world through the means 
of input, output, stnrego, and transfer of tnformutinu in apllmhetic,- 
digilal and graphic forms. 

Prior to working on the project ot an automated design system, 
the slep.-i are taken to analyze tlie existing design statue, subsiaritlale 
the project, determine the priority ot automation of individual des¬ 
ign singes, oBlimnle the expedient level uf entomation, rationalize 
the flows of information, analyie and Improve the nicthod.s of so* 
liition.s to the prohlems 

An ADS well siihslaniiated econooiieiilly can ensure the choice 
of the optimum problem solution, desired accuracy of solutions. 
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shorl^>r liino required to solve prol)lorTiK, ralioiinl ncquisilioii «nil 
processmj; of (lain: most efficic-iii ulilizutioii of opitrolionnl poion- 
linlitins of compiiliug fnoililios and other tneans. 

The level of niilornoUon for Lhp project is elioseii on Ihe basis of 
oconomy with ronaidiTAl.icro for ilie informalioti capantly. lobor 
input roqiiireri for llte solution, computer storage capariiy. siicces- 
sitm of solution runs, and muliivarinnce of the solution to I ho prob¬ 
lems 

Tho basic factors used to estimate tlm effprliveness of design in 
the framework of Hie ADS are the labor productivity, qinility index¬ 
es of the solution to problems, and due dates on the development of 
design plans and .spoctficalidns. 

The Analysis of the basic stAges m ilie process of manual design 
of iiidiictiou macliiiies permits estatilustiing the optimum level aud 
priority of automation at various design stages in evolving electric 
macitines with tlie aid of the ADS. 

The Soviet industry largely produces iuitontated design systems 
for indiiclion innchlnos (ADS IM). Tlie system of llils type offers 
Aiiiomnlic means of opliniixiug Hie designs, performing graphic 
operations, and niaking up drawings in l!ic development of general- 
purpose Inw-vultagc induction inactilncs. Projects are put forward 
for the development of n system for ilcslgiiiiig and doing graphic 
work on man-mnchiiie basis. 

The ADS IM eontnins improved mathetnatiral models an«l graphic 
sets of induction motors, including standard parts niid subassemblies. 
Tlie system envisages the design of machines which are to include 
standard subassemblies and parts .such as hearings, holts. nuU^i, aud 
keys made ns stipulated in pertinent sland.nrds. The modified ver¬ 
sions of II innehino design can be built up by varying the dimensions 
of standard units und parts in a linear fashion (shafts, stator cores, 
etc.) and in a nonlinear fashion (face portions of windings, stator 
and rotor Inminalions, olc.). The features enibodiod in the sj’stem 
operated on the ninn-corapiitor basis permit tho designer to evolve 
new units and parts of the inachine. 

A motor design is made up of aleinenla ohlaiiieJ (rnni tho caloala- 
tiou Tosiills or doia read out from the c.omputor storage. At each slago 
of the design proceduro, tho .ADS IM yields the graphic solution ol 
the design shown im n display, presented as a drawing, or in any 
other fonn. 

.All ADS employed for cadi type of oloctric machine ha.s its own 
features. In one case, the machine can preserve it.a certain base 
strnciiirr, so a sv.vicni such as ADS IM can lie sel (o fill in unlv cer¬ 
tain cups III Hie design, lu anolher enso. the Outiiv coiislrurtioii of, 
say. a machine of .autonomous power must lie rebulll completely to 
chfiiigo its olement base. Ilorc, the ADS l» culled upon to make a 
choice of the optimtim design am of n variety at Hie design versions, 
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Dlfcct. oplimuin ttniticatuiii citui 'tlnndni'dittalipn of 5iibnss(>i)iliJio3 
Hiicl parts of the inochinc. Tliis cii'ciinistance considerably tomplicnlos 
llie problem of dosigD work. The njasnn is l.hai while coiivenlinnal 
problems gonerally have a clcfti'-ctit mnllienialienl stutcmunt anti 
are solvable b\ formal melhods, iho problem of search designing 
allows a innitorraal cliaracler oniU hence, is not amcnahlu to llio 
soltilian by ell'eclive miiuorical ntethods. Nevenlieless. ovoti in the 
absence of nonforinnl matlicniaticnl metliods, Llie pnigntolic basis 
for the sohitioii of design problems ran bo man-macbine tonversa- 
tioiml proeotltires. 

The ditilitg is made pitssible by the locihod of .senirli for alierna- 
ih e.*-- As he follows the course of tlio solution to Uip problem, llie 
designer can take a nnmher of po.s.«nble decisions al the given stage 
of the solution. Tlie designer niako.« a choice as lie adjusts the aysiuio 
with tlio graphic tHTOiinal for the .^lep-hy-slup solution. The cffect- 
ivfiieas nud flortibtliiy of (lie syslein depend on whether or not the 
soqtience of actions suggosted to the Jasigner can afford a sufficiently 
large inimber of po.asible solutions at each step. In lliie connection, 
iiiformalion support of itio sy.stcm acquires much iinporlnnco. One 
llnris it aclvaniagooiis to nccoinplisJi inrortiialion aids ns a set of 
programmable models wbich describe standard design elements and 
simple geometric figures and also as .scrnanlic models reflecting 
UiB hlorarchy and stmclure of element?, parts, and tiiiiis of iJie 
niachint' being tlesigiied. Such a ropivsenluiion of graphic and -Se¬ 
mantic inl'cirmiitinn lias its remU in the preliminary analysis of Did 
geometric foriiis of I he possible designs of n machine and it* elij- 
meuls, and also in the syslemaiir analysis of Iho innehine design 
layout and hierarchy of Ihe isolaletl elemoiils (in Iho foriii of a gr.rph 
of po.ssible saltiUons). 

Apart from the prograncs ol the gooniptric fonns of elemeni* and 
parts, the graphic Information aids of Uio system al.so mciiule tlio 
prngratii.s of the projeolioiis, cross Sections, lepivseiitalivo dimoiis- 
ions and diinension.al tnlenaiices, racpiireirieiils for winding surface 
cleanliness, slandatd te>t information, etc 

The .A.DS ol electric machines (ADS EMj he.s a general piogtani 
of drawing, it envisage.® work on various problems ami collects and 
stores infortnatian. Tlie prohletns ol storages, search, and processing 
of data acquire primary iniporlanCe in modem design syslems and 
have a siibsiaittinl effect on the strucHirc and the priaeiple.s of ac¬ 
tion ol the sysieQi as a wliolo. 

The files of data and programs direcUy intended to provitio for 
centralined sior.ago ond searth of infortnatian and also to estrihlish 
links with application programs winch process this information form 
a batik 0 } data, in .sysletns using daio banks, applic,alio.a programs 
rocoive data for proressing not froin Mlcriial data corners but from 
loutrol «y.sierri9 ^ the data base- 
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One of tlie important protilems of ADS EM is to create the data 
bank of electromechanical solutions. For this it is necessary that 

dosign and development work car¬ 
ried on in the field of energy con¬ 
verters should comply with thu 
requirements of the ADS. The 
procedure in the development of 
a new energy converter should 
follow the adopted guidelines ou- 
vistiging the storage of final re- 
eults in the data hank for further 
use. 

The bank can store informaliou 
In libraries organi/.ed in an bier- 
nrchic order according to the 
typos of EC or for eacli leadiog re¬ 
search institute (Fig. 13.1). The 
library can oontnin data on design 
KIg. 13.1. The general sohemailc of a of EC elements and standard 

data bank for energy convarters solutions 

The evolution of an AOS EM 
ie a lengthy process and calls for further developtnont in the field 
of eloctromecbanics and more coordinated work of design departments 
at plants and research instiliiles. 

13.2. Software of Automated Design Systems 

Software of an ADS of electric machines cau be of several types, 
such ns general, special, service, aud dialog control types. General 
software, being invariant with respect to the object under study, com- 
preces application program packs for the solution to general mathem¬ 
atical problems of various classes, such ns the problems of mathemat¬ 
ical programming, problems for the solution of linear and nonlinear 
algebraic equations, the systems of differential nquations, problems 
of malliematical statistics, etc. 

Sen’Ice software and dialog control software mnsi provide for effect¬ 
ive interaction between a computer and a user. Special software is 
a problera-orionted part ol programming support, the development 
of which needs particular care, for it is the quality of the evolved 
mathematical models of ECs that determines, in the final analys¬ 
ts, the effectiveness of the ADS. 

The striicluro of ADS EM software must meet thu Following basic 
requirements; (1) high modularity, i.e. a high degree of autonomy 
of subsystems; (2) open-loop ability to eimble t)ie extention of the 
system or its correction within the structure without ckaiigitig other 
blocks: (i) fitucKonnl completeness of ihe set of design operations 










13.Z. Sottwara ol Automaled Design Syslenm 


231 


realizablo in the ADS so that the system can exert the dcvsired influ¬ 
ence on all dosigti stages, starting •with the request for the proposal 
and ending with the forms and records on the production of on 
energy convertor. 

Consider the software of an ADS EM. An ADS EM is capable of 
doing both cornputattonal and developmental work, from the moment 
of rerewing the order to Ike moment of issuing the production documen¬ 
tation and testing experimental models of the machine {without manu¬ 
facturing the production prototypes) ^ 

The most difficult aiul impnilanl task is tlie task of evolving 
the sy.stenis for autoraalod design of morhiucs destined for work in 



Ftg. 13.2, An ADS of ulectric machines 

an electromechanical system with control elomonts and foodhack 
mechauisms. What odds to the difficulty of the task, apart from the 
fact that the design work must bo done in the shortest possible por- 
iod, is ibat the design must onvi.sage the small-batch or piece-work 
production of the above machines for operation at varying frequen¬ 
cies and voltages and under diverse environmental conditions. 

As mentioned oarlior, the ADS EM consists of a few subsysloias, 
each being capable of salving individual problems on the man-com¬ 
puter basis (Fig. llf.2). 

Tlio first subsystem effects the optimization of the pararnctors 
of a machine in the electromoclianicnl .systera. Given the. mathe- 
motical description of energy conversion processes and the equations 
of the system elemenl.s, it is passible to pass to the representation 
of the mnehine and its supply network as a system of mulliports and 
implement the synthesis of the mnltipurts. 

In electric drives a motor is generally fed from a generator or 
sialic (semiconductor) control elements which can be connected to 
the stator or rotor. The supply system can be split up into on infinite 
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powor lino and a tofd miillipoTl. This nmltipnrt is in inrn broken 
apart, into a passive ninltiimri and an omf whicli also represent' an 
power line. 

Tlie (;enerfllizcd routine enables calciilni)ji(r (jio eharnulerisiius 
of n tnachifte wilb its slaUir or rotor winding supplied from llie line 
of nonsiniisoidnl asymmetric voltage Ibroogli a linear nmltiport of 
atbiirnry form Imving an internal energy source. The electric machine 
can be of the Iwo-plinse asymmetric type or of the m-pbasc symmetric 
type with a dc or ac supply source. P’ollowing the e.xpansion iula 
a harinonio sorics, we delermino the effective value Of n banitonic or 
iis jfitlial phase. Ne.rt we calculate Ihe cliaractpriatics for each har- 
ninnic and avnliiale the impedf.nces of the machine and generalized 
moll iporl. 

The e.vpi'rimental design lecliniqiic permits oS to simplify tlie 
dosciiplioii of the system, single onl significant and insignificant 
fnclors, and represent the .ipproprialo ivJatious as polynomials. 
Using Toiiline programs to estimate an optimiiui, we cnii proliminnr- 
ily determine the pnrametors of the machine iind tin; control ninlli- 
porl. 

Tlio second snlisysiem ensures the conversion from llio parnmelers 
to the geometry of the mncliino. Tlir proMeni of Iramiiiion to the 
opllmnm geometry at the given opiimnm parameters of the electric 
machine can be .slnted as the prohlom o( nniilinoar progrnmmiug. 

Tlie use of roiiline optimization programs enables finding the 
coinlilional o.vlrcnium of llu* objective function in the shortest lima 
possible. The trnusiUon ffoni the parameiers to tlie geometry of the 
maclitne ran he speeded up using the raothod of geometric program¬ 
ming. After detennjning the geometric dimensions of the iiiBchine, 
the iie.tl singe follows which involves the ustinmtiun of parnmetei'S 
(coeftirients on tlm viirinbles in the iiiitinl equations) and the check 
of the paramBlora for the optimum In the systi'ni. If the discrepancy 
between the optimum parume.lers in the first and the seconil sub¬ 
system is nnacccptahle. now conipiitations are performed. 

The third siibsyaiein yield.* siniclnral and production diawings. 
It can siibsiiinlially cut down lead times. 

The .\DS ran iilCorporato a subsystem for fonuing aii image of 
llic nmchinc uudor Jevelopnicnl on ii T\' screen given ihc mncbiue 
gooinelry data sloitid in llio computer. Such a subsysleni logelhcr 
with the auluiunted control syjitem ran speed up i.hii uititdiine dc.slgn 
procedure. 

.Modern cnmpuliiig fiieililies allow for the creation of a sulwyslem 
for testing the experiuiental models of nii electric machine prior lo 
mnnufacturiiig its production prototype. After irnnslniing ihe data 
on tlie nnu'liine geometry into tlie roinmsud language, we can use a 
prograni-conlroUed iimcliiue tool to produce a model of a machine 
subassembly. Iiir example, a full-size or genmelpir.ally simil.sr rotor. 
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At the modern state of the art. it is possible to collect eiiont'li u.sofiil 
data for coitsiriiciing a geiieial-type rotor model for moat energy 
Converters. Thus, for induction niacliines, a solid rotor mnkos for 
the model. Tests run on the rolnr model under condilion.s similar to 
real conditions enable ns to predict the mass, energy characteristics, 
reliability, and other factors of tliu macliine with the aid of a tligilni 
computer iind to pass to the stage of Evolving a production protolype. 

One of llie important problems of coniputer-nidcd design of electric 
machines is ibe problem of evolving a system of optimum design 
compulation that yields the best niachine-design version which 
salisfie.'! the restrictions imposod by specifications and requirements. 

In its general statement, the problem of synthesis of electric ma¬ 
chines reduces to the optimitation (minimization or mavimiz.allon)- 
of a certain funcliiinal: 

(x*)-*-niin =s-s*, x’* 

s£S, x*£D (13,1) 

with D snbjeci to the constraint 

(pj (x*) = q>f (xj, x‘ .xj.) >0 

i = 1, 2, . , m, s = (1, 2, . . s, . . k) (13.2) 

where .a is n set of .strucinres (design versions) of electric maclunes: 
1 ^* ia the vector of optimum parameters of the opiiimnii dc.sigii.. 
Tl)e problem defined by (13,1) and (13.2) covers both structural and 
paramelric optimizaiiou. Tlie condition,'? (13.2) express tlio resln'c- 
lioDS imposed on Hie machine design by llie specificatioiis .iiid desciibo 
the pennissible region D. The region for defining the functions 
F* (x*) and if) (x‘) is a certain region Di subjocl to the constraint 

; = 1, 2.f (13.3) 

If s = (1). i.o. when there is a need to optimize the given ty^ie 
of machine, the optimum design procedure comes to the solution of 
the problem 

fj(z)min z* (13.4) 

x^D 

with D subject to the inequality constraints 

i|i (J) ^0, i = I, 2, . . m. (13.ri)i 

Optimum deslgiiiug rcdtice.s to the soluliuu of n nonlinear pro- 
gramniing problem of the general typo lliat shows the smoothness 
of the objective function, inultiparainelric and multic.\lrcnie fea¬ 
tures, and "valleys" in the hyperspnee of permissible solutions, lu 
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mosL exircraiira-seeltlag problems, a “valloy" associated with a poor 
oonditionality of tlio matrix ol second partial derivatives shows up 
as « sU'one elongation (in lUe topological represenialion) of the lines 
of the objective function level. However, in the problems tinder dis¬ 
cussion, I ho valley situation more often appears as u result of o 
small angle lonnod by the objeciive-fonction level line with the 
boundary of tlie permi-ssiblc region. 

The procedures of rounding off conductor diBineler.s according 
to the tabul.ilod data l onsidprably complicnte the strntogy of sesrcli 
for the optimum. Opiimirntion methods differ from each other hy 
the progr.unniiiig prooeduros involved, count liroo. rale of convei- 
gence. etc. The above factors lu-e depoiident on both the t ffectlvenosa 
oi the methods employed and on the complexity of the optimality 
criterion and geometry of the permissible area. 

There are two approaclios to the prolileni of optimiration in a 
hounded area, wliicli dilfer in principle since one approach consid¬ 
ers i:onatr.iinla in implicit form and llie other in explicit form. The 
implicit methods such as the Lagrangian multiplier method and 
penalty fiiiiclioii method presnppow ilie impJementolioii of the ge¬ 
neralized ohjeclive function ivliicli coincides with the initial oplini- 
alily criterion within the area, blit grow* Tatfier fast beyond tlio 
area or even near to il> buiimlary. Tlie e.vplicil method.* (possihie 
direction melhodsl make it nece.ssiiry to tnovo into the permissible 
ai-ea aod lake steps inside ot it. 

By the charnrler of datn collection, optimization methods can be 
divided into the method.* of local and nonlocal search. Local search 
methods call for i.he aimlysis of ilio results of each experiment jconi- 
pulation results for the miiilieniaticnl model) and the use of the in¬ 
formation so obtained for the next experiment Tlie feature peculiar 
to tliese methods is that each .succes.sivc experimaut usi>s Uie infor¬ 
mation on the bBli.nvLor of tlie matliomatical model of the device under 
Study that covers only a small region of tlie values of the parameters 
in tiu* proceding expo rime til. Local search takes a relatively small 
amount of machine time but yields at beat only une local exlremura. 
The moat important stage of local searcli is the clioice of the diroc- 
tion of aeavch for an optimum. This choice can he made from the 
estimate of the gradient defined with the aid of finite differences, or 
from the statistical data (ratidom search), or from the estimates 
of partial deriv.stivea. In some ca.sns the directions can he chosen 
preliminarily, for e.vampJo, along the coordinate a.xos or along ortho¬ 
gonal paths 

In solving problems for many e.ttrema and pruhletiLs involving 
valley conditions, the autonomous functioning of algorithms of 
local soarcli proves ineffective. This situation ha* spurred the develop¬ 
ment of nonlocal search methods which in fact require a definite 
orgaiiizAlIon of a Succession of local search stages. Tims tiir nonlocal 
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filgorltlim for llie solution to imiltiejctiemal problems envisages the 
choice of initial points within llie given field and procwsing of the 
results-of local search made from these points. Thu nlgorilhni affords 
the analysts of the given field and esIimalioD of local estrcina In 
use are also special nonlocal search algorithms for the solution of 
prohleina involving valley-containing fields. 

Optiinuni design of electric machines requires a pack of applica¬ 
tion programs and programs realizing local search algoriihins. These 
are the algorithms for optimization ot the criterion in llie perniis-sihle 
search field, a dircclinn of motion into the field from an arbitrary 
initial point, and prelloilrinry scsirch of the given field to ilelorinine 
the location of oxtreinn and v-alleys und to solve Iho problems tor 
the field with valleys. 

To accninplisli cnmputBr-nided graphic cons'ruclinns ii.«8ociated 
with the di'.sigii, it is necessary to work nut a aemigraplnc niodel 
(being also a tnnIhomHticnl raodell which would nsi? tlio d»Lo on the 
main dinicrisions of stator and rotor cores to enable the graphic re- 
preseiilaiicin of Urn basic design of the machine. 

Aiitomntod structural design of an electric machino iiiclnde-s two 
basic, .alagest llio developmonl and e.\ecution of llie [irinctpiil view 
of ihe macliiiiP in loiigtludinal and cro.«s sections; lliu development 
and ejceeutlon of views' of assembly miils and parts in a propw way 
fnr lurllier nso of ilie drawings at design depnrtinoiiis and engineer¬ 
ing plants. 

The two slage.s of design work primarily use tlia rcaiilia ot computer- 
aided electromagnoiic and Ueat-reinoval annlyaes based on a definitn 
criterion for thu anlomalic search of llio optimum design ol Hie mach¬ 
ine as regards I'-s dJiucnsions and paranioler.s. The geometric- dimen¬ 
sions of tho ttotivo part of the machine (i.e. stator and rotor cores 
witli slots and windings) form the basis foe the giaphic cepresentn- 
tion at both stages. 

At llio first stage of design, the machine structure must possess 
certain general features specific to the machines of iho given type. 
Further work on the general design mu.st he done on the basis of a 
dialog of the designer with the computer, in which procedure the 
desigiier must perform all additional calculations necessary for the 
structural design of the shaft, bearings, and fasteners, fnr lln> vi- 
brnlion-acouslic analysis and the choice of standard parts, elc. The 
general drawing of llio machine can be thought of as a sum of indi¬ 
vidual elemoDls each of wliicli should practically represent an ae- 
sembly unit or part of the construction. 

The designer must assos.s the computatioiis and elllier accept the 
results for further use or introduce changes in the drnwing.s while 
running the computer in the converaation.al mode. Tlie need for 
introducing cmrectioiis can appear .ifter the calcuhiiioit of o shaft 
and hoiiririgs, the chock On tlio depth of shields and the length of 
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ll»e fratiio for corresponilence wilti llic overliang uf Hie wiiifling’s 
face portions, the choice of fasteners, etc., anti also in Iho conrso of 
briugiug iho design to llie final Jurin in compliance with Unj retiuira- 
menis of the assignnient. 

After conipJetioti of llio general drawing of the marliinn. the aocontl 
stage of design can follow, which involves developing Ihe as.soiubly 
units 011(1 parts of Iho const fuel ion and determining their mass, 
dimensions, and tolerances roguired at the production stage. This 
(lone, the aiuoplottcr can finally maJee up Ute working driiwiag.s in 
Coinpliance with the requirements of standardization. Ttio auhsys- 
tem of drawing facilities provides design and prodncliori drawings 
and sitbslaritially cuts down the lead times. 

The development of antomated design sysleins posmB a iininbcr 
of coniplox problems. Of much significance is the e5tal)ltsln((eni of 
inieniatloiial prtigram 1 (brar( 0 s which wo((kl pull in scientific po¬ 
tential of engineers for the solution of the most imxHirtant pcobluais 
of elect romechanica. 

13.3. Hardware of Aufomated DesFgn Systems 

The central praressing unit (processor) forms the husix for ADS hard- 
mare. This is a liigh-rapacily computer with (or without) a salelUte 
computer. 

Tlio first Sovifi-mado systems ttsed eoiiipnlers of Hie M-220 and 
other types and various satellite computors. Afore advanced systeiu-s 
of .antoniuted design nppeaied as iho Soviet Union together with the 
conntiies entering into Ihe Council fur Economic Aliitual Assistance 
created and put into production eteclronic compnior.s of the third 
geiieiation wdih a wide range of storage and peripheral noils. At 
prosenl ADSs are huill around the corapiiters of tlie EC sysleni 
(EC i.= llio aljhrcviatioii for the Ru.ssiari words meaning unified sy¬ 
stem) and EC satellite computer.^ or small-capacity computers of 
the iiilernaliounl system. 

EC computers represent the family of prograni-imnipat Ible oleiv 
Ironic machines pofformtng Iroot a few Ihonsamla to a fow millions 
of oporatiiins in a second and having a unified range of periplicrnl 
units. Hardware of computi'rs used in specific ayslenis may vary in 
.slnictnro over a wide range. 

Tlic .-XDS requii-es woli-dDvelopcd means of data input, output, and 
seaicli. means oi copying graphic and text documentation, arid means 
ol on-line interaction witli a computer. The list of EC computer pe- 
riplieral iiiiit.s produced in scrlt.s today o.Mends to over 2f'0 lillL'.s. 
By the purpose they linvo to .‘-erve, I lie peripheral units of EC Cont- 
piilcrs are brokon down into the following groups: e.vleriial storage!!: 
grapliic iiiformalion input-output devices; conversnlioiial processing 
devico.s; and input preparation equipment. 
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In nccoriUiico willi lUe rentures of llie aulotimled il63iu:ii process, 
oiitpni. devices for grephic informuiion esn gtj.iierally be divided into 
on-line mappimr (display) means arid means of plolling final grnptis 
and forms. Tliis is becaiiw like derision on tho choice of ibe di'sian 
version is commonly taken in Iho course of the iloralive procedure 
involving consideration of a few de.sign.s before arriving nl the 
final decision. In this conuectiou the dovioes of on-line mapping 
(display) of graphic infoimatiou must meet tlie reqiiiromcnl.s of a 
high rate of mapping ond the plotting devices must meet the reqnire- 
TOents of a high acenrsoy and high quality of graplis and drawings. 

At present iliere are viirion.s mollioda of ontpni of grapliie- infor- 
iiKition. These are the mellmds of making up image.s on paper and 
photographic paper, displaying images on a CUT screen, changing 
the color of paper by tlio reaction of eleclrolysi*, etc. The systems 
of aiiiomafed design vvidoly u-se olecfromeclinuical. elocironlc. am! 
scanning devices for onipul of grupliic inform>ilion. 

Electromocliaeical .'iniomalic drawing marliino.s arc similar to 
numahcally coiili'olled millers in dnsign and principle of action. 
Drawing on paper (or tracing paper) i<t brouglu nhout by an e.'tt'Cii- 
tivo Tii\ii- which consials of a plotting hoard nr ilrum. eiccirie drive, 
and a tracing nnil. In .nutomalic irnachines (graph plotters) of the 
ploiliug board type, the fracing unit moves in two muttiaily perpen¬ 
dicular directiauso; and y while the chart carrior remains st.itionary. 
The principle of a drum-type plotter differs from lllal of a bonrd- 
typ« plotter. Tn the former the stop niotoi^drivon tracing unit moves 
only along the ut axis and lliu driving drum shifts (he paper .sheet 
along the y a.vi.s. With the paper being reeled out from the roll, the 
tracing oloment draws a pntli a.s it vliifls in the x direction Tlie 
tracing unit has pen liolders to fasten b.ill-pon or pon-an<l-ink rocord- 
ers; the number of rocordors can vary from one to four. Each record¬ 
er traces Hues or draws symbols of a definite thickness or a definite 
color .Automated design systems widely employ the above t wo typos 
of nutomalic drawing machine,s 

fn use are also automatic drawing machiniis of the nnifind sj-slem. 
The hoard-typo macliiuo of ibLs class wirli a plotting board ineasur- 
iog I 2iXi by 1 150 men trace-s at a rale of 50 mm's. The macliine has 
n data convorter which perform.s linear and curvilinear interpolation 
and .offurds automatic tracing of up lo 25H eynibols and three types 
of linos, namely, .solid, dash, and d'ot-and-da.sli linos. There arc two 
versions of drum-type inacliinns with paper rolls of 420 K 80 000 ram 
and 878 "x 20 000 ram in sire, which have a maximum rate of tra- 
cinir t>f 200 mra'a and 1-50 mrais respectively. 

Elootroraechanical drawing inHCltines offer a number of advantag¬ 
es: namely, they ensure a high nccnracy and quality of lines and 
symbols, can make up drawiogs of whatever size, trace lines of any 
types and colors, are adaptable for doing other jobs such a.s ongrav- 
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iiig iitnl niarking-off, and tan ncl as ontoiiomoiis clovicws. JJuwavcr, 
llioy show n low rule ol iMcitig, do not nUow lor cori'ocUjig nn error 
in Iho pincesg ol drawing, have rrlatively largo ovorall dimensions: 
ami also presoni oilier drawbacks. 

Rluclrui'lioiiiical and olettiuiliermal drawing inachiiics relate lo 
rasler-typo devices. A onmb o( electrodes foiins a rnsler and serves 
<18 a tracing unit to produce nn image nn olertrocheniicnl paper iin- 
pregrmiod with a spociiil olecLrolyte. On one ol ilssitles llie paper coni' 
es in contact with comb pleclrodes, and nn its otber side with a metal 
eloctrodc shapod like a cylinder. The voltage applied to iiultvidual 
electrodes induces the electrolysis itacliott tlint changea the praper 
coloration. Changing the voltage on Lite comb elocl.rodea gives dif* 
ferent lines nn the papor eoiilinuoualy unruelnd from I he roll, 

In comparison with drawing macliires of Hie electroJiiechemca] 
type, lasier-lype anlomelic ntachinos have a highei rate of drawing. 
But they demoiisUale diflicultion in obtaining lines of various thick¬ 
nesses. require microfilming and special moistened paiier, fail to 
function ill the aiilononinus mode, etc 

Electronic devices using a CUT as an exocnlivo unit ere ratjier 
promising graphic display setups. Control of an irnoge on the screen 
is brought about tlirougb a repetitive display of the image at a def¬ 
inite legcncratioii frequeucy. The image on tlie screen becomes stable 
and flickers vanish at a frequency of 40 Hz. Electronic display de¬ 
vices with a cathodc-ray storage luhe(CflST) enjoy use today. The 
niinibcr of addressing points on the screen reaches 4 09(1 X 4 096, 
with iho working lield metisuring about 50 cm along the diagonal. 
This makes it possible lo produce quality linages on the Bcrcon and 
then photograph the drawings up lo the 24th sheet size. 

The main advantages of QlST-based devices are a high speed of 
image formatiuu on the screen, possibility of producing color and 
halt-tone irnage-s, on-line correction of errors by erasing the lines 
and displaying repetitively (he images, low cost and small overall 
dimensions, The limitations are a relatively low quality of lines and 
symbols, low rc.solulion, nocessify of microltlming, etc. 

Automation of the process of input of graphic information is a rath¬ 
er urgent problem, lo the ADS, graphic (nformalion inptit devices 
(CilDs) siipplemont the main set of equipment of the computer They 
can be automatic and semiaDlomatic. Automatic devices are of tlie 
scanning and tracking types. Id scanning devices, the scanner beam 
sweeps over the drawing field lino-by-line. Tracking dovicos track 
the lines of the drawing and predict their possible extention where 
a few lines intersect. Automatic devices can sat only rather simple 
graphic data into the computer and require drawings of enhanced 
quality. 

The storage capacity of a computer should be appreciably large 
to store the code obtained in automatic readout. However, reliable 
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algorillinia I'nr Jiijjh-speeU recogiiUIon of gcrimelric patlenis are not 
3 - 6 t Hvajialile. For lliis reason, anlomalic ernpliie data input, devjce? 
have not found wide applications tii ADSs. 

Seniiaulomatic (.IlDs oporalo on the following general principlGr 
While nriMlytiiig llie drawing, the operator ff.ces the nclualor at a 
definite point of the drawing and ihoti brings tjie deviijo into opera¬ 
tion to ceiculate tiic point eoordinatea and represent Die dein in the 
nnniertcal code. Thii.s tho device automatieally cnlcijlates Ilie coordt- 
notes of points chosen by the operator. ADSs use to advantage semt- 
automatie data mpul devices Juiving a working field 1 000 Dim by 
1 tXtO intu ill sir.e. wliicli oieusnre coordinate!! to better than 0.2.^ niui. 
SeniiauloiJiatie GID-* using CRTs with regeneration, light pens, 
coordiiiHlo balls, and other aeluainrs hold rather considerable pjotn- 
iae for use in ADSs, 

Along with the f.seiIttieK perfortniiig the functions of data input 
or data output, devices have recently fonml use which can serve both 
fimction.s Setups are available whicJi combine a scniiaiitotnBtic 
graphic data input device with an electixnncchanical aiitonialic 
drawing machine. The approach to integrating data input and out¬ 
put devices into single CRT-b.nsed input-output tinils has led to 
the creation of a device for the on-line graphic access to the computer 
storage, which Is known as a graphic, display. The systems of nnto- 
mated design now employ graphic displays of various types develop¬ 
ed in several countries (USSR, USA, France, Japan, etc.). 

In evolving an automated design systeni, the set of fneiliiies is 
chosen in eiicli particular caao with consideration for the problems 
to he solved; the body and streams of information; tiia time of ge¬ 
neration, processing, and transfer of •infonnat.ion; the form and kind 
of input, and output data carriers; compatibility of available e(]Viip- 
monl. code and program facilities; the time required (or construc¬ 
tion of the sjislcra; and the cost. 

Figure 13.d shows the block diagram of a pcoblem-otieuied anto- 
matod design complex with a universal set of peripheral facilities. 
This oomple.x ran form tho basis for the development of various 
system.s of automated dnsign. As seen from (he figure, the system has 
three groups of hardware means which enable the computer to be 
rim in the int,eraclive mode. The first group includes the facilities 
having a direct link with the central processor. These .are a card read¬ 
er, tape reader, alpliatiumeric printer, graphic display, and operator 
console comprising a video keyboard and devices of group control 
and block control. Tape and disk storages form external storage 
facilities. 

Tlie second group of hardware forms a satellite system having a 
link with the central processor via a front-end computer of the inier- 
netiooal system type with a small storage capacity. The external 
slor.age units here are disk storage and tape cartridge storage units. 
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Dilla inpul (acilltics are card and tape readers, and a semiautomat¬ 
ic data input device of the plotting board type. Other means of 
moterial support include an alphanumeric printer, graph plottoi, 
graphic monitor, microfilming setup, and device for on-line execution 
of records. 

The third group of hardware forms a terminal syslem connoctod 
to the central proce.^sor via a communication line. This system whose 



Fig. 13-3. The block diagram of AOS 

VK — vid«(j keyboanl; GD ^ tfrApUto AP iiJphanuiusrlc printer; TR —> tspM roa* 

<l«r; CR • enrd reader. CP — central proo«sson DS — dl^k «t/>raffe; T8 — tape itora^e: 
FBC rroni-cnd computer; flP — bo<iril plotter; TC8 — tape cartridj;e sitorag*. GP — gra- 
plilc plotter; G^t - graphlo monitor,' MS - raicroplmtopTiphy aelap; ER - on-line exeou- 
lion of records; OC — group control; BC block control 


siting can bo in a design office or a subdivision ensures parallel 
work of a few automated setups in the network of the functionally 
oriented complex. 

The automated setup for an operator (designei') generally comprises 
a small-capacity computer, graphic data input-output and display 
devices, external storage units, and means of communication with 
the central processor. Soviet industry has started to turn out anlo- 
maled setups for design of radioelectronic equipment, solution to 
problems involved in tooling-up for production, and design of machin¬ 
ery. The Soviet-made standard automated setup consists of a pro- 
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cessoiv pritnnry storage uuil, symbolic dale input and ilisplny device, 
punched-lape input-output device, external storage unit, graphic 
lenniiinl (graphic display), Hiialog-to-nm«bet converter (imago 
coder), tope reader, and board plotter. The software of the setup 
permits the 9unMlt,nteoii.s operation of nil devices, including the 
iiipiil-nutpiit device and paphic editor. 

The hardware engineering is making piiigress at u tremendoua 
pace and more ndvanoed devices take over coiisiaiitly. Bill the prin¬ 
cipal arcliilectnre of tlie ADS and its basic liardwure cliange little. 


13.4, Conclusion 

One of the important Inslcs ol clcetrnmeoluinics is to evolvo old'- 
trie machines of cvtreuiely high powers, machines of novel unified 
senes, and also special machines for v.arioiis applioatinns. Tlic grow¬ 
ing demand for energy lia.s raised the problems of seeking new energy 
sources and developing new energy converters apart from llio prob¬ 
lem of improving the energy characteristics of coi|venlional electric 
macliincs. In this connection it is liighly tnipurlanl to find ways ul 
creating efficient generators that would convert the solar energy 
into electric form ami Iwirne-ss the iliermonuclear reactor for gene¬ 
ration of higll-vnilage energy. 

'J’lic problem coiitrontiiig engiucai's today can only he coped with 
by advancing llio thenry of eleclric machines still further, using 
for the pnipose romputing fncililies niid priin.-irily digital conipiilers. 
In recent years engiuoevs liave innnageri to invcBliguto u nuinlier of 
problems earlier Considered uiisolvahlc. Tlicsa are tlie problems for 
the stdulion of equations with nonlinear paramelors niid rquiilions 
of Irarisienls in energy converters nperntiiig on iionsinu.soidal and 
asymmetric supply vollages. Besides, it ha-s hocomo possible to 
solve problems relating to transients In mulliwindlng machines, 
energy conversion processes in machines with many degrees of 
freedom, buildup of the eiectrornagucllc torque in one revolution, 
and interaction of an energy converter with elemeiila connected to 
the sralor and rotor. 

Tlie problom.s fur tlie mmly.sis ol energy cunversioii in eleclric. 
machines remain tlie focus of alteution at the present time loo. 

Analog and rligital computers enabli^ the analvst lu pass front 
diffeivnlial equations describing Irunsients to comple.^ equntiona 
and invesligate sleacly-stete processes as a specific case of the solu¬ 
tion of complicnled differential equations. The analyst can proceed 
from Iho general to the parliculnr rather than from the circuit models 
and equations of sialic* to dynamics ns was the case before the ndvent 
of computing machines. There is an urgent nooii for conducting 
invc.stigotions with the aim to genorallsie the application of analog 
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.in<l digiiftl computers to the solution of the defiuiio types of prob¬ 
lems. 

An increase in the number of roniples syslcni.s of differenlial 
equations poses an impoftaul problem of simplifying tho roathemal- 
ioal models and ovatnatine the accnracy of solutions. Simplified 
iDathoinaticHl niodela obtained by the esperimenlnl design tech¬ 
nique are finding ever increasing application. The development of 
polynomial models applied to the solution of the problenis of synthoa- 
is of electric anachines will facilitato the evolution of more improv¬ 
ed melhoda of geometric progmuiiaing. 

It .sliould be recognized tliaf the advaneemenls in the syntheai.a 
of energy converters arc far from being as liigh ns they are in the 
field of analysis, so much still remains to bo done to rsiEe the prac,- 
lice of synthesis to a higher level. The search (or more improved melJw 
ods of oplimjzntion will certainly continue and probably yield so* 
veral oplimizalion Jiiotliods for the definite classes of problems. 

Automated design syste.ms represent the highest nchiRVonieiit in 
the field of synthesis of energy converters. 01 paramount Importance 
here is the establishment of dato banks and program libraries. To 
accomplish the end requires the pooliitg of efforts not only williin 
n particular Lraiicli of indtislry' but also In tho frnmevk-m'k of the 1 nlor- 
luitional Clectrulfcliuiisil Couirnissimi. The crealioii of an ADS of 
electric machine.s that coubl do jobs starting from the request for 
the proposal ami ending with the shipment of inarhines iseu ec.onnro- 
ically warranted task, though it is nue of the iliffirult iHsks and re¬ 
quires considerable efforts. 

The crealiaii of the gcucral theory of cilectric machines is essoulial 
for the unified mathematical description of cnorgy conversion pro- 
inisses in magnelic-fieid. eleclric-field. unci electromagnetic-field 
energy conveners. As is known frmn the liislnty of elofiromnchanic.®, 
many scientists made attempts In vtork out the general iheocy of 
energy converters. There are Ml present equations describing energy 
conversion processes in electric-field and eleclromagneiic-field 
machines. However, many difficulties have yet to be overcome In 
produce commercial versions of these types of luacbine. More re¬ 
search in the field of the generol theory of electric raachioes and 
extensive work on the creation of new electrical engineering malor- 
Itils Will obviously facilitate the development of new classc.? of 
electric machines. 

The equations fnr a genernlired electromechanical energy conver¬ 
ter permit formulating n mathematical model practicallv for any 
problem in modern electromochanics. The notion of the gencraliied 
energy converter w'lll undergo changes with lime. The general model 
w'iJI obviously be needed to write equations for Dlactric-field and 
electromagnet ic-field energy’ converters with many degrees of froo- 
doin. equations for describing the conversion of onergy in electric 
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machines in other forms of energy, and oqualions for the solution 
of unique problems in electric machine engineering. But the princip¬ 
al approach to the simultaneous analysis of fields and currents tak¬ 
ing part in energy conversion processes will largely remain the same. 

The notion of the electric machine as an electromechanical energy 
converter of any design version will have to extend concurrent with 
the search for new physical phenomena that would enable the cre¬ 
ation of an energy converter with unique properties. 

Theoretical investigations into magnetic, electric, thermal, and 
mechanical fields and their complicated interaction in an energy 
converter will promote further the development of the theory of 
electric machines and will thus offer innovations in the field of elec¬ 
tric machine engineering. The statement that an electric machine 
converts energy from electric to mechanical form or from mechanical 
to electric form with the attendant Iran-sformnlion of energy into 
heat calls for extensive investigation on thermal-phy.sical problems. 
There are machines in which it is difficnlt to givo preference either 
to electromechanical phenomena or thermal-physical phenomena. 
Cryogenic electric machines, MGD energy converters, and energy 
storage devices may serve as an example. No doubt further advance¬ 
ments in llie theory of electromechanical energy conversion will 
greatly promote electric, machine engineering. 
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Appendix 1. The Equations of the Basic Types 
of Electric Machine. Block Diagrams for Solution 
ol the Equations on Computers 


The equations (in curi-ents) of an induction motor have Ihe form 
p 

P 

^ ^ + ca, (i; + |r ij.) J - ^ 




pti>r=-J P (■'if^ —Mr) 


where p = dldl\ and p is the number of pole pairs. The block dia¬ 
gram for the solution of these equations is shown in Fig. Al. 

The equations (in flu.x linkages) of an induction motor are 
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The block diagrarn for Llie solulion of lliese equations appears in 
Fig. A2. The current equations are given by 





Fig. Al. The block diagram for the solution of equations of an induction motor 

(in currents) 

1 to IS — amplifiprs; jur — rouUlplisr units 


The block diagram for the solution of equations (in flux linkages 
and currents) of an induction motor is shown in Fig. A3. The equa- 
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where f'„ aj»d 1', arc llie cuvronts in Iho armature circuit and excita¬ 
tion circuit respoclivoly: ais-tiic lealtage coefficient of main polos; 
Cf and C„ are design constants of the motor; L„ and ft„ arc the 
inductance and resistance of tiie armature circuit respectively; 





Kiff. A4. The block diagram for the nolulinu of equations of n dc motor 
j-i; • amplifiers; .W — noiihaearjty uaits, Mir — imtlilpliei imlls 


.V„, and Mr are the motor torque and load torque (inomenl of resis¬ 
tance) respectively; O,,, - Cl)„, — is the resultant magnet¬ 

ic flux due to excitation witidities; n is the rotational speed; and 
is tile inotnont of inertia of the motor. 

Tlio bloch diagram for the solution of cqitatioos of a dc generator 
is illustratctl in Fig. A5. Ttie equations arc 
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whore H( is the inslcinlaiieous v.iluo of vollngo across llie load; 
is the instantaneous (resultanl) value of oinf of generator rotation; 
M,i and Mu aro respectively the coefficients for tlic direct and back- 



Kig. A5. The block diagram for (he solution of equations of o dc generator 
J-Jff — ampiifiers; NU — nnniinedrUy uniU, 3fC/— ntUltiplier units 

ward tnutual indurtaiices between the excitation circuit and araiat- 
uro circuit; 2A«h is the voltage drop across the brush contact; 
and i, are the itistaiitaneous values in the arnmlure and excilaliott 
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circuits respectively; and Mg are llie torques on the shafts of 
the motor and of the generator; and and Jg are the moments of 
inertia of the motor and generator respectively. 






Pig- A6. The block diagram tor the solution of equations of a synchronous per¬ 
manent-magnet motor 

/-Jl — amplitiera. f'/l — polarized relay; AJU - multiplier units: ivu - nonlinearity units 


The block diagram for the solution of equations of a synchronous 
permanent-magnet motor is shown in Fig. A6. The equations are of 


Appendices 


251 


tlie form 

-^= — WmSinG-fCOr'y?—irff?,. COS 0 —(Ur'f'd — i,/f. 


il'^D _ ^D^ad f m . ^ .• ^0 m 

dt XDj) '* Xflj, roD *” dt ^QQ ’ »"QQ 

; _ ^1>D w _ ^«d W _ ^DD~^td . 

*d*r)D—®Jd J'd.roD—" a-rfarx,o— 


dO)r 



^QQ ijf_ ^oQ _\jr 

—Ig, * *i?*Q(! ■'aij ^ 




Appendix II. Dafa on Induction Motors oi Series 4A with a Height of Axes of Rotation from BO to 250 mm. 
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Appendix III. Block Diagrams of the Models 
of Nonsinusoidal Voltage Generators 



Fig. A7. The block diagram of the model of a nonsinusoidal voltage generator 
•amplifiers; MV muUfpIter aniU 



Pig. A8. The block diagram of a Tcctangiilar pulse generator 
l-fl — amplifiers; MU — muUtpIler uniti PH — pcilartzed relays 


Vs 17-01178 
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Appendix IV. An Example of the Electric Machine 
Design Assignment 

Questions to be. Treated 

1. Make up lUe equations for an ittiloclion sqnirrel-cage motor in 
stationary coordinates a and p and rcdutc Uiem to the form conven¬ 
ient for their solution on an analog computer. Generate the solu¬ 
tions to the pquatioii.t in lernis of cnrreiils and flux Ijnkagos. 

2. Coiislritcl the block diagram for the stdiition of the .system of 
cqiiution.s and calculate the gain for each input of the amplifier in 
the chosen analog of the motor. 

Design of the Experiment and the Solution 
to the Optimization Problem 

1. Choose llio variable poramolcrs of the motor and form the 
experimental design matrix. 

2. Simiilate tlio experiment on an analog computer and define 
the polynomial relations between llie characteristics and parameters 
ol the motor. 

3. Determine the optimum parnmolers of the induction motor 
under the specified conditions of optimization. 

4. Evaluate llm accuracy of .seurcli for the optimum parameters. 

Oirectioiin for the SoUilion to the Problem 

1. Fur the derivation of induction mocliine equations in terms of 
currents and flux linkages, see Chapter 2. These equations and the 
block diagram for tlieir solution ai^ given in -4ppendix T. 

To illu.slr.ale the way of how to reduce the equations to the form 
convenient for their .solution on an analog computer, we consider an 
example of tbo A42-f5 three-piinse squirrel-cage motor using its 
eqiialions expressed in terms of currents. The A42-6 lias the follow¬ 
ing nominal olmrocleristics: — 1.7 kW, = 220/380 V, 

/„ = 7.5'4.5 A, and n,, = 9.30 rpra. 

The motor parnraoters at a working temperature of TS'C are as 
follows; 

rj, = = 3.812 ri = rji = 3.57R 

1% =-- f-S -= 0.27U H Ei = LI =_0.28tl H 
M = 0.263 M J = 152_,X 10"' kg rn 

/) = 3 m = 3 

The equation for t o It**® Ihe^torm 

t/i=- iifrL + (didt) LU\ d- {d’dt) M 

n* 
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or 

t/i = «a + ik {didt) L’a + Ik (didt) M 

whence 

ii (d/dt) Lk=Ui- rkik- (d/dt) Mik 
Introduce the designation dJdt = p. Then, 

i‘a = UkiLkp - rli*Mp - Mik/Ll 
Substitute here the motor parameters 

ii =220/f cos(B«/0.279p‘-3,57ii/0.279p‘-(0.263/0.279) 

or 

ij ■=■ 116 COB wt/p — 12.8ia/p — 0.935ii 

This form of the equation is more preferable for its solution on an ana¬ 
log computer since the analog sot up on the computer proves more 
stable. 

The equations for the rotor voltage are brought to the desired 
form in a similar manner with consideration for tiu fact that Uk = 
= f/p = 0 becauso the rotor is of the cage typo: 

0=p,1/ii-f-(r; + (d/df) Lk] ++ A/oirip 

pt'k.ik — —pMik — ikrk — oif (Lgip -f M i J) 

la- 77 - la-rr p 

® Lu.P XrOtP 

After substitution of the numerical valuoa, the final expression 
becomes 

iS= -13.14iJ/p-0.91ii-o)r(0.9li^4-<5)/p 

The same approach works for reducing the romaining equations 
to the form convenient for setting up the computer analog. The sys¬ 
tem of equations for the A42-6 motor has the following final form 

ii = 1116 cos taf/p —12. 8 iJi/p —0.935(5 
1116ain(i){/p—i 2.SiJ/p —0.935ip 
<5= —13.14i5'p —0.91(5—(Or (0,91(J + ig)/p 
ig = _ I3.14(5/i7 - 0.91(^ + 6 ), (0.91 i5 + ik)lh 
A/,= 0.1216((5i*p-(5i&) 
d{ 0 r/dt= 1975 
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To clear up point 1 of tlie optimization problem, we should take 
the motor parameiers from Table AIV. 1 in accordance with the num¬ 
ber of the assignment variant and reduce each initial equation 
expressed in currents or flux linkages to the desired form. 

The block diagram for the solution of the system of equations 
of the induction motor is built up in stages. The fir.sl stage involves 



Fig. A10. The block diagram for delecmining stutur currents 


the choice of appropriate elements and calculation ol the gain for 
each equation and the second stage involves I lie conneclinn and switch¬ 
ing of the entire analog network. 

As an e.xaniple. consider the coitslruclion of a compuling network 
end the calculation of gain factors for one of the equations: 

ij = 1 116 cos cot/p — 12.8(o^P — O.y.T'i/a 

Tlie computer analog for this equation is shown in Fig. AlO. It 
contains an integrator with two inputs to ialegrale the first and 
the second term of the equation and .also a summer to add together 
the integration results and the voluos of the subsequent term, 
—0.935 ia. To derive from the output the value of —ij wliicli is then 
sent to the input of an amplifier 5 and to other computing elements, 
the network incorporates an inverter built around an amplifier 7.?. 
After constructing the block diagram, we need to calculate Ibe am¬ 
plifier gains equivalent to the cimslouls in the oqiiniions. The cal¬ 
culation for the summing and Ihe integrating units is made by use 
of tlie following formulas: 

/cjj — Af Qu |0/A7 i „ , /c (O /AJ i n AA t 

where A7,„, and M, are the scales of the input quantity, out¬ 

put quantity, atid lime rospootively. Since Afi = 4 V/A, M ^ — 100 
volts per unit, and Mt = 50, we have = 4 X 12.8/4 X 50 = 
= 0.2.56. Avj = 4 x 1 116/100 X 5 = 0.893, = 4'4 = 1, and 

= 4.0 X 935/4 -- 0,935. 

In a similar way tbo calculation is performed for other units and 
the gain factors are found. The entire block diagram of the computer 
setup for the solution of the system ol equations is shown in Fig. All. 
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In tile experiment being designed, the variable pnrametere (fnclors) 
of the motor are cliosen from Table AIV.2 (in aceonlaiico with the 
assignment variant number) and the variation ranges of the factors 
are preset. A typical design proccduie comes to designing tJie CPE 
of the 2''* type (see Table AIV.3). In each assignment variant being 



tig. All. The block diagroDi for the solution of curiatioiis of an imliictlon 

motor 


lackled, the motor parameters presonled in Table AlV.l are taken 
as basic valiios. The upper and lower limits of ilie variable parame- 
ler are defined in accordance willi the specified intervals and llio 
diilii are put down in the table tinatri.':). The exporiment being de¬ 
signed calls for tlie variation of a few variable factors at different 
levels. The 2* CPE involves eight coTnl)inalion.s in llie variation of 
variable factors, tlicrcforc for each row of Die design matri-x wo need 
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to carry oul I lie appropriale rccalciilnlion of llie gains of llie analog. 
For csaraplf. If the variable I'nrior is lakoii lo be r', ihen its valoo 

dolerminca ilia coofficionl alfixptl lo fi'p. wliicli is oijiifil lo ( 2 .S al a 
bnsic valiifl of r‘ oqiiril lo .'J.fiTQ. In pvoporliou lo lliL'i valiii) we rnl- 
cnlnlp Ibo gftin /j.i = 0.2riii, In Belling up ihe oxpopuneiil, llio value 
of is p^ado to vary ni iwo luvels; llie upper level, +1 nr 4.28Q; 
llie lower levol, —1 or 2 .M 6 n. In aacordiinco willi these values, the 
gain / 15 ., for the ociworU of I'ig. All need bo rncalcnlnled. 

For Ibe level w'ilb a 'ininns' sign 

= 4 X ii.e:. d x .'iu - o.s.'is 

and for Ibe level vvilb 11 'plus’ sign 

Vi ^ 4 X 14.65 4 X SIj = 0.21)3 

III rdtivifying poiiil 1 of ibe problem, we .slimild sou lo it, ronsnler- 
ing llie specified vai'iiiblo pare meters, vvlnit coetficienl.s in Ibe sys- 
Icni of p«|ualfuns are variable, Ition reealL’nlulc l.lie corres[ioiidiitg 
gfliii forlors and summarize llio reanlls in Ibe table. iin exnriiplc. 
Table AIV.3 gives Ibe results of ibe caknlatiuo of c»iii fnrioi's m 
roodcliiig ilic A42-6 motor by soiviiig ils equalion.s expressed in 
fluv linkages. ,\ similar table sbonbl be made up for llie abeigament 
varioni involving llie aolniion of the moloi eqnutioiis expressed 
in tortus of currents. 

|l i.s now' necessary lo analyze the obtained design rnnlrii and 
(lelormine llie expedient sequence of ils iniplemenlalinn on any ana¬ 
log computer sons to rucnlcnlnte a smaller number of the gain factors 
in going from one trial to tbe oUier^ 

The trial in expenmenial design moans the calculation on an ana¬ 
log computer of the characlerislic.s of the Iranaionl and sleady-stato 
proooseos In Ihe induction motor at tlie fixed vainos of its par.'iinntorx. 
Tlie fixed values of the motor parameters are clioson for each asaign- 
mont variant from Table AIV.2. Sinc« in the computer analog lUo 
amplifiers show zero drift, the experiment niusi be rerun at toast 
three times and the results entereil in the table. 

2. The experimental design enables us to obtain a simple rola- 
tloii bolwcen the variable parameters of the machine and ils character¬ 
istics Thi.s relalion lias the form of a polynomial 

4=1 Uj 4-1 

where fim ht< b|>, bn are polynomial coefficients: Zf, j^are tlie varia¬ 
ble parameters of the induction motor; ij is the operating factor or 
factors (objective functions) of the motor in its static and dynamic 
operation; and n is the number of variable factors (parameters). 
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The polynotnia] coefficienls in llie CKE are lound by the formula 


= S (( = 0 , I, 

1 

After (lelermiDing the polynomial cuefCicienis bt, bij, wo should 
check their significance (test the null hypothosis). 

A check of the hypothesis is done by the Student f-test formulated 
in this case as 

t,= 16,1/5(6,}. S{b,)^V'SW 

where S’ [bi) is the error variance in estirnating the coefficient 6,. 
In the CFE this variance for all values of 6, is given by 

S’ {6, } = S* [y }/Nm 


where /V is the number cl points of the factor space in which the 

in 

designed experiment is set up; S’ {y } Il/(m—1)] 2] (Vri — Pw)® is 

1—1 

llic experiment variance obtained in conducting m trials for one 


of the poiiils of the factor spnee under study; and y„ 


= V 




It the found value of the 1-tesl exceeds tlte value taken from Ta¬ 
ble AIV.4 for the number of degrees of froodom, v, = N {m — 1), 
at the specified significant level gj(%), the hypothesis is rejected 
and the coefficient 6, is assumed significant: otherwise, the hypoth- 
osi.s is accepted and the coefficient 6, is considered insignificant, i.e. 
equ.al to zero. 

Tlie check of the hypothesis for the adequate representation of 
the experiment results by the found polynomial is dojie from the 


estimate of the discrepancy between the output value of p, and the 
experimental values of ya at all points of the factor space. 

The dispersion of the experiment results on the approximating 
polynomial is describable by the inadequacy variance whose 
estimate SJ^ is found from the formula 


5L,= (l/(/V-d)] li {ya-y^r 
«■=« 

where d is the number of the significant terms in the approximating 
polynomial. 

Tho inadequacy variance is dependent on the number of the de¬ 
grees of freedom 

= N — d 

The check on adequacy consists in estimating the deviation of the 
inadequacy variance oJd from the reproducibility variance a’ [y ), 
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II (Tad does not exceed the experiment variance, tlie nblaiuod mathe- 
malical model adequately represents the results of the experiment; 
if Oad >• O'* {!/}' the description is considered inadequate to the 
object under analysis. 

Tlie check of the hypothesis for adequacy is carried out using 
Fislier's variance ratio test. The f'-tesl permits checking the null 
hypothesis for the equality of two gcneralixed vari.ances and 

(»/) in the case where sampling variances Sid > 5“ {v} = S*- 

The F-lest is defined as the variance ratio 

F = 

If the calculated value of the F-lest is .smaller than its critical 
value found from Table AIV,5 for the corresponding degrees of 
freedom, Vi,,^ = v„d — — d and v,,,/ = v® = A (;n — 1), at 

the specified significant level q„d the null hypothesis is accept¬ 
ed. Otherwise tlie hypothesis is rejected and the description is con¬ 
sidered inadequate to the object under study. Tf the hypothesis of 
adequacy is rejected, a smaller stop of variation is taken and the 
experiment is run anew. 

H. Optimum parainelei's of the motor are found using the poly¬ 
nomials defined in the te.xt of point 2 of the problem. The o|)timi7a- 
lion criterion and constraint functions are chosen for each assign¬ 
ment variant from Table AIV.6. Ttie polynomials for q and cos <( in 
all assignment variants are tho same and equal to 

q = — 0.014r' - 0.022r‘ 

cos tp = 0.8^ -I- 0.036r' - 0,018r’ -I- 0.026rV* 

In the typical design procedure, the optimum paramolers are 
determined by the seraigraphical method in which two parameters 
are varied within the limits set up in the assignment. Consider the 
way of e.stimaling the optimum parameters. .Assume that the design¬ 
ed oxperituonl conducted for a certain type of induction motor has 
given the polynomial relations for Uie impact curreut, impact tor- 
quo, and storting (speedup) lime as functions of two paranieter.s. 
Those relations are of the form 

= 4.5 — 0..3r'- — 0.4r' + O.lr'r' 
d/jn, = 3,5 -i- 0.5r^ — 0.5r‘ 
t,t = 150 — 12r' -f- 2r‘ -t- 2r'-r'l (10-‘) 

where r* ,rnd r' are the stator and rotor winding resistances, respect¬ 
ively, expressed in relative units. 

What we need to determine arc the values of r' and r* at which 
the starting time is a minimum, with the constraints being imposed 
on tin and d/ini- In its malhemutical form, the optimization prob- 
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lem can bo writlon as 

l„ = 50 — I2r’ + 2r* -I- 2r’'r' -v. min 
at 

fim ^ 4-5 — 0.3r^ — 0.4r* | O.lr-/-* - 4.5 
= 3.5 + O.rir’- — 0.5r*< 4 

ir —1 < + 1 and — I < -r 1 (llie variation rangc.s are 

oxproKKod in rolativo units In ann> 
lo^y wit'll the (loslgti matrix:). 

riie lwo-i]imen.Nionnl f.aetor 
spare for iho vaviabJos r'and r' is 
siinwii In Fig. A12. The vortices 
of Lliu square are llic points for 
.selling lip the fitcturiaX e.xpcri- 
menl. Tlin sp.scv coiifinofl williin 
llio square is Ihe iniiiai rielil of 
the permissible suliiliniis willi the 
constraints ilisrcgarcted. 

The fir.st con.sti'aint 

/,„ ^ 4.5 — 0.3 K - 0.4 r* 
J-O.IKr* = 4,5 

lepfc.sejits aniiilercept of the hy¬ 
perbola branch ;)/■ L\ which passes 
(Jinint'li a cciilral point and otic of the vertices. This section can be 
plot tell by hringinK Ihe equation for iniii catioiiical form or by 
siih'Sliliitiiig certniii fi.\eil valiic.s of r’' and r*. 

The constraint 

iV/,„, = 3.5 + 0..5r^ - O..V^ 4 

represents an intercept of the line PLQ passing through llio points 
w'ith coordinates <—1; 0) and (0; -*-1). 

The constraints so impo.scd limit the field of permissible soliilioDS 
to a polygon l‘LNG. 

The relation 

/,( - 150 — ill' — 2r‘ + 2rV*] {10**) 

define,s Ihe family of curves AJii, A^JJ^ . . etc. On each 

of these curves the value of is constant. In moving from, .say. 
A,D, to A^Bi. till' value of time t,, decays. The point L is the solu¬ 
tion to the problem since at this point the time f,, lakes a Tninimurn 
value upon .satisfying the conslrainls set up on Ii„ and .1/),,.. The 
coordinates of the opliintim point or the values of the optimum pa¬ 
rameters of Ihe iiiarliinc can bo found directly on the grid of Fig. AI2: 

/opi = — 0.45, rjpi = 0.58, = 4.16 s 



I'ig. Ai2. The two-iliniensionn] f.ictor 
space for variables r' iinil r* 
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4. To estimate tJie accuracy of tile solution, we sliouUI compare 
the calculated data with the simulation results for the optimization 
criterion and constraint rmiclinns at the optimum point. For lliis 
it is necessary to convert from tlie relative units used in de.sfgiiing 
till' experiment tn the real units. The conversion is nccomplishcd 
by tile form Ilia 

-C/ = (X; .X; m X,: ,„in 

where x, is the running value of tlie motor parameler in relative 
units; Xi m is <l>e mean basic value of the variable parameter of the 
motor; a-j niin i» Ihc? lower limit of tlie variable parameter; and .Cf 
is the running value of the motor parameter in real units. 

Thus, for r"" varied over the r.mge of up to 20% (sec Table A1V.3), 

xi = = d.8, iiUii = r^in — d.4 

The optimum value of the rotor resistance rlyf in relative units 
is equal to 0..'j8. So, 0.58 = (rj,,( — 3.8) (3.8 — 3.04) or rj,,( = 
= 4.24Q. 

In a similar way wo calculate llie stator rosi.siaiice, rS,,( 3.25Q, 

and then substitute the found valves of the npliniiiin parameters 
into the system of equnliuiis i>f the iriduction motor with Ibe simu¬ 
lation in terms of curreiils or flii.v linkages. In accordance witli lire 
optimum parameiers of the motor, we recalculate the gain factors 
of the analog and set up the problem on an analog computer to 
measure tho optimization criterion and constraint functions for the 
optimum point. 


Table AIV.I 


Auigiunenl Variants 


VorijiHl No. 

Moior i>arameu>r 

a fJ 

a, p 

1 tf f 

^ tl 'l* 

A/ 1 

1 


I* 

1 

3.8 

3.57 

0.279 

0.203 

0.289 

3 

2 

4 

3.7 

0.285 

0.20 

0.28 

2 

3 

3.6 

3.7 

0.285 

0.20 

U.28 

1 

4 

4 

3.5 

0.285 

0.26 

0.28 

3 

5 

3.0 

3.5 

0.285 

0.20 

0.28 

3 

6 

4 

3.7 

0.285 

0.25 

0.28 

2 

7 

3.0 

3,7 

0.285 

0,25 

0.28 

3 

8 

4 

3.5 

0-285 

0.25 

0.28 

3 

0 

3.0 

3..S 

0.285 

0.25 

0.28 

2 

10 

4 

3.7 

0.275 

0.2C 

0.28 

2 

It 

3.H 

3.7 

0.275 

0.20 

0.28 

3 


Is* 
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Table AIV.1 {continued) 

Vda lant NO- 

Motor pArameter 






B 

12 

4 

3.5 

0.275 

0.26 

0.28 

2 

13 

3.6 

3.5 

0.275 

0.26 

0.28 

3 

14 

4 

3.7 

0.275 

0.25 

0.28 

1 

15 

3.6 

3.7 

0.275 

0-25 

0.28 

2 

10 

4 

3.5 

0.275 

0.25 

0.28 

3 

17 

3.6 

3.5 

0.285 

0.25 

0.28 

1 

18 

4 

3.7 

0.285 

0.26 

0.2T 

3 

19 

3.6 

3.7 

0.285 

0.26 

0.27 

2 

20 

4 

3.5 

0.285 

0.26 

0.27 

3 

21 

3.6 

3.5 

0.285 

0.26 

0.27 

2 

22 

4 

3.7 

0.285 

0.25 

0.27 

3 

23 

3.6 

3.7 

0.285 

0.25 

0.27 

1 

24 

4 

3.5 

0.285 

0.25 

0.27 

3 


Notet. 1. For all variants the following values are to ho sot: /= i52xl0"* 
[kg m*|. in = 3, and t’n =220/380 V. 

2. Even serial numbers of the variants involve simulation in terms 
of currents, and odd serial numbers in terms of flux linkages 




Data for the Experiment to be Designed 

Table AIV.2 

Variant No. 

Variable paranieter 

Maclune factor (objective 
function) 

Variatiufi ron^e, 
% 

1 

r** 

r‘ 

/ 


^1 n 

^im 

20 

2 

r' 

r* 

A/ 

Ut 


im 

20 

3 

r' 

/ 

AT 

^ im 

1,1 


20 

4 

r* 

J 

AT 

^ Im 

hi 

— 

20 

5 

r’- 

r' 

J 


^Im 

— 

20 

6 


r* 

Af 

^ Im 

Afin, 

— 

20 

7 

r' 

/ 

M 

^ im 


— 

20 

8 

r* 

J 

AI 

Him 

— 

— 

20 

y 


r> 

J 


— 

— 

20 

10 

r' 

/ 

AI 

^ tm 

— 

— 

20 

11 

r' 

} 

Ai 

t.i 

— 

— 

20 

12 

r» 

I 

M 



— 

20 

13 

r’’ 

r* 

J 

^st 

— 

— 

20 

14 

r' 

r* 

AI 

im 

— 

- 

20 
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Table AIV.2 {continued) 


Variant No. 


Variable parameter 


Idaciiinc factor {objeciivo 
function) 


Variation range, 
% 


13 

r** 

j 

M 



— 

20 

16 


j 

M 

J Im 

— 

— 

.30 

17 


r* 

M 

f Im 

— 

— 

30 

18 

p** 

r> 

J 

Mfn 

^ Im 

— 

.30 

19 

r 

M 

J 

tst 

— 

— 

30 

20 

r* 

M 

J 



— 

30 

21 

r'* 

r‘ 

M 


^ Im 

— 

30 

22 


r‘ 

J 

Im 

— 

— 

30 

23 

r'- 

r* 

J 

^ Im 

Ui 

— 

30 

24 

P« 

M 

J 


^ im 

— 

30 


Table AIV.3 

The Cains of Amplifiers of ^ Computer Analog 


Variable 
pai {»n»eter« 

a 

H 

u 

Ct 

1 o 
, 2lei 

JS 






Gam of tl.e analog 


I 

6) 

V 

V 


Reference 

3.8 

3.a7 

1 >62 











i 

o 

1 

Upper 

lo^el 

+ 

|4.i2 

1 

4.2S 

1.82 





■ 




9i 

«9 




















l^wer 

Jeve) 

1 

3-1(8 

2-86 

1.22 

H 

H 

J? 

K 

i 

H 


n 

1 

•> 

.« 

11 ' 

t 

rt 

« 

T 1 
< 

II 

1 

i 

<4 

«•! 

< 

T4 

JX 

i 



Dctlg- 

nation 

1 

Test 

No 

Z\ 

U 

Z| 

Xi 

Xfc 

U 

£• 

1 

M 

Jt 

1 

•S' 

9 

1 

Jt 

£ 

«* 

m 


1 — — 

2 + - 

3 — -f 

4 + + 

5 — — 

6 + - 

i — 

8 + + 


-(- -I- + + 1.252 1.138 ».283 1.211 2.77 1.195- 

-f-+ 1.252 1.138 2.39 2.25 2.77 1.195- 

-1-1- 2.33 2.11 1.285 1.211 2.77 1.195- 

— -f- 2.33 2.11 2.39 2.35 2.77 1.195 

4- H-f- 1.232 1.128 1.285 1.211 1.85 0.644 - 

H-1-h 1.252 1.138 2.39 2.25 1.85 0 644 - 

H-1*4- 2.33 2.11 1.285 1 211 1.85 0.644- 

+ + + ++ 2.33 2.11 2.39 2.23 1.85 0.644- 
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Table A|V,4 


The Values ol the Sluden) t-Teit al 9S'’.o Confidence Level 


f 

lE 1 

f 

i 

f 


1 

12.71 

11 

2.20 

21 

2.08 

2 

4.30 

12 

2.18 

22 

2.07 

3 

3.IS 

13 

2.16 

23 

2.07 

4 

2.78 

14 

2.14 

24 

2.06 

5 

•2.57 

IS 

2.13 

25 

2.06 

0 

2.45 

16 

2.12 

26 

2.06 

7 

2 3^ 

17 

2.11 

27 

2.05 

8 

2.31 

18 

2.10 

28 

2.05 

It 

2.2fi 

19 

2.09 

29 

2.04 

1(1 

2.23 

20 

2.09 

oo 

1.96 


Table AIV.5 


Fisher's Variance Ratios at 95% ContMenca Level 


*2 

h 

1 

1 1 

2 

3 


9 

(1 

12 

2f, 

ai 

1 

164.4 

199.5 

215.7 

224.6 

230.2 

234.0 

244.9 

249.0 

254.3 

2 

18.5 

19.2 

19.2 

19.3 

19.3 

19.3 

19.4 

19.4 

19.5 

3 

10.1 

9.6 

9.3 

9.1 

9.0 

8.9 

8.7 

H.6 

8.5 

4 

7.7 

6.9 

6.6 

6.4 

6.3 

6.2 

5.9 

5.8 

5.0 

5 

O.G 

5.8 

5.4 

5.2 

5.1 

5.0 

4.7 

4.5 

4.4 

C 

6.0 

5.1 

4.6 

4.5 

4.4 

4.3 

4.0 

3.8 

3.7 

7 

5.5 

4.7 

4.4 

4.1 

4.0 

3.9 

3.C 

3.4 

3.2 

8 

5.3 

4.5 

4.1 

3.8 

3.7 

3.6 

3.3 

3.1 

2.9 

9 

.5.1 

4.3 

3.9 

3 6 

3.5 

3.4 

3.1 

2.9 

2.7 

10 

5.0 

4.1 

3.7 

3.5 

3.3 

3.2 

2.9 

2.7 

2.5 

11 

4.8 

4.0 

3.6 

3.4 

3.2 

3.1 

2.8 

2.6 

2.4 

12 

4.8 

3.9 

3.5 

3.3 

3.1 

3.0 

2.7 

2.5 

2.3 

13 

4.7 

3.8 

3.4 

3.2 

3.0 

2.9 

2.6 

2.4 

2.2 

14 

4.6 

3.7 

3.3 

3.1 

3.0 

2.9 

2.5 

2.3 

2.1 

IS 

I 4.5 

3.7 

3.3 

3.1 

2.9 

2.8 

2.5 

2.3 

2.1 

16 4.5 

3.6 

3.2 

3.0 

2.9 

2.7 

2.4 

2.2 

2.0 

17 

4.5 

3.6 

3.2 

3.0 

2.8 

2.7 

2.4 

2.2 

2.0 

18 

4.4 

3.6 

3.2 

2.9 

2.8 

2.7 

2,3 

2.1 

1,9 

19 

4.4 

3.5 

3.1 

2.9 

2.7 

2.6 

2.3 

2.1 

1.9 
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Table A1V.6 


OptimIzaHon OHerion and Constraint Functions 


Vrt riant 

Opt inn^^atiuii erltonoii 


r/>Mi)l.raiiil furiciloit^ 

1 

l«t mill 

T^im ^ 0.35 

^ ttn ^0,8 

2 

7im rn»x 

<.I<0 

.3 /im ^ 0.8 

3 

ilinai 

1.(^0 

/im ^ 0.37 

It 

^2m mill 

T] ^ 0. &3 

l.t < 5 

5 

min 

11 0.83 

7im ^ 0.37 

(i 

^tm mlM 

jW(m ^ 0.85 

i| > 0.85 

7 

iliiiax 

i( <0.35 

■^/(m ^ 0-8 

8 


A7/„< 0.8.5 

cos If. >0.8 


Tinax 

A/(„,<0.85 

i| >0.85 

■10 

'Inmx 

cos <i< > 0.8 

/(m <0.37 

11 

^2m lull) 

n > 0.83 

cos If > 0.8 

12 

mio 

r| 5: Oi.83 

cos ip > 0.82 

13 


cos <p > (1.8 

tst ^ *"5 

14 

^Imox 

■iWim < 0.ti& 

tsi < •> 

15 

mill 

ii>n.83 

Mi„ < 0.8 

10 

^ im mlu 

cos <(■ >0.8 

il>0.85 

17 

*1 m»\ 

Itm ^ 0.35 

cos If >0.8 

18 

Iim mlu 

Afim<0.75 

11 >0.82 

10 

mlu 

11 > 0.82 

cos<i;> 0.8 

20 


.U.„<0.75 

ijl ^ 4.35 

21 

^max 


Mi„<0.75 

22 

cos 

Mlm < 0.75 

n>0.82 

23 

Hmax 

(.(<4,35 

/im<0 35 

24 

Jim min 

11 >0.85 

tgi ^ 4.3o 
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